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Abstract

Hydrogenated amorphous silicon (a-Si:H) has potential advantages in m',tking

radiation detectors for many applications because of its deposition capability on a large-area

substrate and its high radiation resistance. Position-sensitive radiation detectors can be

made out of a 1-d strip or a 2-d pixel array of a-Si:H pin diodes. In addition, signal

processing electronics can be made by thin..film transistors (amorphous silicon or poly-

silicon "ITTs) on the same substrate.

The calculated radiation signal, based on a simple charge collection model agreed

well with results from various wave-length light sources and I MeV beta particles on

sample diodes. The total noise of the detection system was analyzed into (a) shot noise and

(b) 1/f noise from a detector diode, and (c) thermal noise and (d) 1/f noise from the front-

end TFr of a charge-sensitive preamplifier. The effective noise charge calculated by

convoluting these noise power spectra with the transfer function of a CR-RC shaping

amplifier showed a good agreement with the direct measurements of noise charge. The

, derived equations of signal and noise charge can be,used to design an a-Si:H pixel detector-

amplifier system optimally.

Signals from a pixeI can be readout using switching TFTs, or diodes. Prototype

tests of a double-diode readout scheme showed that the storage time and the readout time

are limited by the resistances of the reverse-biased pixel diode and the tbrward-biased

switching diodes respectively. A prototype charge-sensitive amplifier was made using
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poly-Si TFTs to test the feasibility of making pixel-level amplifiers which would be

required in small-signal detection. The measured overall gain-bandwidth product 'was - 400

MHz and the noise charge was ~ 10,00 electrons at a 1 p.sec shaping time. When the

amplifier is connected to a pixel detector of capacitance 0.2 pF, it would give a charge-to-

voltage gain of ~ 0.02 mV/electron with a pulse rise time less than 1O0 nsec and a dynamic

range of 48 dB.
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Iris : Drain-to-source current of TFTs [Amp]

<i2> : Parallel current noise source of detector system [Amp 2]

<i2in> : Input noise current power spectrum of a detector [Amp 2]

<i2shot> : Shot noise component of detector [Amp 2]

<i21/f> : Flicker noise component of detector [Amp 2] .

AI : Fluctuation in the current [Amp]

Kev : Charge-to-voltage conversion gain of the measurement [V/Coul] _.

Kf : Coefficient of 1/f noise of a-Si:H pin diodes

Ko : Coefficient of 1/f noise of a-Si:H pin didies including current term

Ks : Measured coefficient of shot noise of a-Si:H pin diodes [Coul]

Kt : Coefficient of 1/f noise of a-Si:H TFTs

k : Boltzmann constant = 0.8617 x 10-4 [2V/K]

L : Channel length of TFTs [cm]

m, : Effective mass of electrons at a u'ap [g]

la : Mobility of charge carriers [cm2/Vsec]

lac : Electron extended mobility [cm2/Vsec]

lte : Electron drift mobility [cm2/Vsec]

lafe : Field effect mobility of TFTs [cm2/Vsec]

lab : Hole drift mobility [cm2/Vsec]

lav : Hole extended mobility [cm2/Vsec]

Ala : Fluctuation in the mobility of charge carriers [cm2/Vsec]

N : Total number of charge carriers in an ohmic device _,_ [#]

Nr : Number of electrons at recombination centers [#]

Nc : Density of states in the conduction band [cm-3eV-1]

No : Density of shallow trap states at energy Eo below Ec [cm'3eV "I]

Nt : Density of trap states near Fermi energy level [cm'3eV -1]

NI(E) : Density of shallow trap states Eo < E < Ec [cm'3eV "1]

N2(E) : Density of shallow trap states E < Eo [cm'3eV "1]

N(E) : Distribution function ofrecombination centers in the i-layer [cm-3eV-1]

Nj : Equivalent noise charge of componentj [electrons]

N1/f : Equivalent noise charge of 1/f noise component of detector [electrons]

Namp : Electronic noise of the amplifier and pulse processing system [electrons]

Ndet : Electronic noise of a detector [electrons]

Nshot : Equivalent noise charge of shot noise compovent of a detector [electrons]

Nsr : Equivalent noise charge due to series resistance of a detector [electrons]

Nsta : Statistical fluctuation of radiation signal [electrons]
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Nsys : Detector-Amplifier system noise [electrons]

Ntot : Total noise of'a detection system [electrons]

(NPS)j : Noise power spectrum of noise component j [Volt2]

n(E) : Density of trapped electrons at energy E [/cm 3]

• nl : Density of shallow trapped electrons Eo < E < Ec [/cm 3]

n2 : Denslty of shallow trapped electrons E < Eo [/cna3]

" nf : Density of free electrons in the i-layer of pin diode [/cre 3]

nt : Density of shallow trapped electrons in the i-layer of pin diode [/cm 3]

ntot : Density of total electrons in the conduction band of the i-layer [/cre 3]

AN : Fluctuation in the number of charge carriers [#]

ANr : Fluctuation in the number of electrons in recombination centers [#]

An(E) 2 • Variation of nfE) [/cm3]

q : Electronic charge = 1.602 x 10"19 [Coul]

Qcol : Total collected charge [Coul]

0 : Coefficient of thermal noise of TFrs

01 : Parameter defined as 01 = T1/(T1 - T)

02 : Parameter defined as 02 = T2/(T - T2)

Re : Ratio of shallow trapped electron density to free electron density = nt/nf

Rh : Ratio of shallow trapped hole density to free hole density = Pr/Pf

Rs : Series contact resistance of a-Si:H pin diode [Ohm]

p : Slope the electric field in the deep depletion region of the i-layer [V/cm2]

S 1/frf) • 1/f noise spectral power of a-Si:H pin diode = <i21/f>/,Sf [Amp2/Hz]

Sdet(f) : Detector noise current spectral power [Amp2/Hz]

Sgr(f) : Generation-recombination noise spectral power [Amp2B-Iz]

Si(f) : Spectral power of the noise current [Amp2/I-_]

SIe(f) : Spectral power of the noise current due to electron fluctuation [Amp2/Hz]

SI-h(f) : Spectral power of the noise current due to hole fluctuation [Amp2/Hz]

Sit(f) : Spectral power of the fluctuation in the mobility [cm4/V2sec2Hz]

" SN(f) : Spectral power of the fluctuation in the number of charge carriers [#/Hz]

Snr(f) : Spectral power of the fluctuation in nf [#/Hz]

Snt(f) : Spectral power of the fluctuation in nt [#/Hz]

Ssig : Detector signal charge or collected charge [electrons]

Sshot(f) : Shot noise spectral power = <i2shot>/zXf [Amp2/Hz]

Ssr(f) : Thermal noise spectral power of series resistance [Volt2/Hz]

Ssys(f) : Detector-amplifier system noise spectral power [Volt2/Hz]
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Stf(f) • 1/f noise spectral power of TFrs [Volt2/Hz]

STvr(f) : TFT noise spectral power = <V2TFT>/Af [Volt2/Hz]

Sth(f) • Thermal noise spectral power of TFTs [Volt2/Hz]

Sv(f) • Spectral power of the noise voltage [Amp2/Hz]

ASi.e(X) ' Fluctuation of electron current component at position x [Amp] ,

ASi.la(X) ' Fluctuation of hole current component at position x [Amp]

ASh(E) " Spectral power of fluctuation in nfE) [,#/Hz] ,.

s • Average distance between two neighboring recombination centers [crn]

T • Temperature ['K]

T1 ' Characteristic constant to describe the slope of shallow states N1 ['K]

T2 • Characteristic constant to describe the slope of shallow states N2 [°K]

Ti • Integration time of a gated integrator [sec]

Til • First integration time of correlated double sampling [sec]

Ti2 " Second integration time of correlated double sampling [sec]

AT ' Time interval between two sampling in COiTelateddouble sampling [sec]

t • Time variable [sec]

ti ' Thickness of the gate insulator [cre]

x • Shaping time of pulse shaping amplifier [sec]

•r • Chm'acteristic emission time constant = 1/%= exp[(E c- E)/kT]/03 o [sec]

"rc ' = 1/03o [sec]

'rf • = exp[ (Ec - Ef)/kT]/to o [sec]

•ro • = exp[(Ec- Eo)/kT]/mo [sec]

U ' Characteristic energy for tunneling from a trap to conduction band [eV]

Va ' Applied reverse bias of pin diode [Volt]

Vclamp " Reference voltage of correlated double sampling circuit [Volt]

Vgs • Gate-to-source bias ofTFTs [Volt]

VT • Threshold voltage of TFTs [Volt]

<v2> ' Series voltage noise source of detector system [Volt2]

<V2out> • Measured output noise power spectrum [Volt2] .

<V2sr> ' Series resistance noise component of a detector [Volt2]

<v2tf> ' Flicker noise component of a 'Flat [Volt2]

<V2th> ' Thermal noise component of a TFr [Volt2]

W ' Channel width of TFTs [cre]

co • Angular frequency = 2tfr [rad]

_rnin " Minimum angular frequency of I/f region in a-Si:H diodes [rad]

mo • Emission prefactor or a real-and-escape probability [sec -1]
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x • Spatial variable of the i-layer measured from the p-i contact [gm]

Ze • Ratio of shallow trapped electron density n2 to free electron density = n2/nf

Zh ' Ratio of shallow trapped holes density P2 to free hole density = P2/Pf
z ' Parameter defined as z = c0'r

- Zc " =OJZc

zf ' : _'t'f

" Zo ' =COZo

Chapter 5

• .Meaning or definition

Ao • Open-loop voltage gain of TFT amplifier

' a • Frequency dependence factor of flicker noise of TFTs

• Current dependence factor of flicker noise of TFTs

Cd ' Equivalent capacitance of pixei detector [Farad]

CN3 • Load capacitance of the TFT N3 [Farad]

Coy • Gate-to-drain or source overlapping capacitance per unit width IF/cre]

Cprobe " Capacitance of the test probe [Farad]

ei • Relative dielectric constant of insulator ( 7 for Si3N4, 4 for SiO2 )

eo • Dielectric constant of vacuum = 8.854 x 10"14 [F/cm]

f3dB • Cut-off frequency of amplifiers [Hz]

fm3dB ' Measured cut-off frequency of amplifiers [Hz]

gm " Transconductance of TFTs [gA/V]

Ids ' Drain-to-source current of TFTs [Amp]

Kp ' = I.tfe8o _:i/ti [gA/V 2]

L ' Channel length of TFrs [gm]

_. • Channel length modulation coefficient of TFTs [Volt-li

lafe ' Field effect electron mobility of TFTs [cm2/Vsec]

. RL • Load resistance of measurement system for diode readout [Ohm]

Ti • Integration time of radiation signal at a pixel [sec]

. Td ' Delay time between the incidence of a radiation and readout [sec]

Tr ' Readout time of signal from a pixel [sec]

Trise • Rise time of a TFT amplifier [sec]

ti • Thickness of gate insulator' of TFTs [cm]

"c • Shaping time of a pulse shaping amplifier [sec]

Vc • Bias of the cascode TFT in the prototype poly-Si amplifier [Volt]
_
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Vds : Drain-to-source bias of TFTs , [Volt]

Vctt : Main bias of the prototype poly-Si amplifier [Volt]

Vgs : Gate-to-source bias of TFTs [Volt]

Vn : Bias of n-ch current source in the prototype poly-Si amplifier [Volt]

Vp : Bias of p-ch current source in the prototype poly-Si amplifier [Volt] ,

Vr : Reference bias of two gate pulses in two diode readout method [Volt]

Vs : Onset voltage of short channel effect in TFTs [Volt] ,.

Vswing : Input voltage swing of the prototype poly-Si amplifier [Volt]

VT : Threshold voltage of'ITTs [Volt]

W : Channel width of TFTs [I.tm]
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Chapter 1 Introduction

Amorphous silicon film made by plasma enhanced chemical vapor deposition
,p,

(PECVD) is a good candidate material for making large area radiation detectors in various

. imaging applications such as digital X-ray radiography or high energy particle tracking

which require good energy resolution and, or good position resolution respectively.

Over the last few years, there have been efforts to use hydrogenated amorphous

silicon (a-Si:H) as a detector for ionizing radiation because of its potential for inexpensive

and easy fabrication into large area devices, inherent radiation hardness, together with a

detection characteristics similar to crystalline silicon.

The most suitable scheme for making position-sensitive radiation detectors out of a-

Si:H seems to be a pixel detector configuration, which consists of a 2-dimensional array of

small pin diodes, because its small detector capacitance reduces system noise. Such an

array can be fabricated using the a-Si:H large area deposition and integration process. Also

the currently available amorphous or poly-silicon thin-film-transistor (TFT) deposition

technique can be used to make pixel readout electronics as well as pixel level front-end

amplifiers which can be integrated together with pixel detector array on the same substrate.

In designing such an integrated detection system, analysis of the signal-to-noise

ratio is essential for the optimization of detection efficiency, resolution, and timing. Simple

modelling to estimate radiation signal and electronic noise of amorphous silicon detectors is

required to save time and effort when designing pixel detector systems for various imaging

" applications.

This thesis describes basic studies on the signal charge collection in a-Si:Hi,

detectors and the noise contribution of detectors and front-end TFT amplifiers to the overall

system noise. In addition, a-Si:H and poly-Si thin-film-transistors are assessed in a

prototype study of readout electronics and pixel level amplifiers.



Chapter 2 gives a brief but general review of position sensitive radiation detectors

and their readout methods. Some necessary background information on hydrogenated

amorphous silicon for making radiationdetectors is also described.

In Chapter 3, a simple analytical model is derived to estimate the charge collection

efficiency in a reverse biased pin diode for various radiation signal and material parameters.

Then simulations with the model of charge collection and signal formation from various

radiation sources are discussed.

In Chapter 4, in order to estimate the noise contribution from a-Si:H detectors and

TFT amplifiers, noise power spectra in the frequency domain are measured and analyzed

into various components. Basic properties of a-Si:H and poly-silicon thin-film-transistors

such as structure, I-V characteristics and noise components are discussed. The equivalent

noise charge expressions of these noise components are obtained from their spectral

densities using transfer functions for a simple CR-(RC) n shaping filter. The noise charge of

a-Si:H pill detectors measured in a conventional radiation detection system is compared

with the sum of calculated noise from the derived expression for various shaping time and

biases.

In Chapter 5, after a brief introduction of general 1-dimensional and 2-dimensional

detector readout schemes, thin-film-transistor-switch and diode-switch readout schemes for

a-Si:H pixel detectors are discussed. Prototype design and fabrication of pixel-level front-

end amplifiers using high temperature poly-Si "ITTs are descTibed as weil.

Conclusions and final comments are given in Chapter 6.



Chapter 2 Background

2.1 Position-Sensitive Radiation Detectors

Position-sensitive radiation detectors have become an essential tool in many fields

of scientific research and medical imaging. Some examples are: (a) position monitoring and

energy spectroscopy of charged particle beams in high energy accelerators, (b) X-ray flux

imaging for digital radiography, and auto-radiography to study DNA crystalline structure of

bio-specimen, (c) positron emission tomography and single photon imaging in nuclear

medicine to obm ,a the distribution of radio'isotopes in a body, (d) X-ray diffraction study

and X-ray or synchrotron radiation microscopy, (e) astronomical telescope to measure the

intensity and distribution of cosmic radiations, and (f) neutron radiography for non-

destructive industt-ial applications, and so on.

Depending on the specific radiation types and the required detection condition or

restrictions such as detector size, fast timing and real time imaging capability, good spatial

or spectral resolution, and radiation hardness, many different types of radiation detectors

have been used; X-ray films, multiwire gas detectors, drift chambers, scintillators with

photomultiplier tubes, and various semiconductor detectors. Some examples are given

below.

(1) 2__" They are the most common 2-d imaging devices but lirrfited in application

because of narrow range of sensitivit), to radiations and moi'e importantly lack of real-time

imaging capability.

(2) .Q._=detectors ' For the position detection of charged particles, gas chambers with

• multiwire anode and cathode strips on a pad aa'e used. Two recent examples include a

position monitoring system for an anti-proton beam developed at CERN [1] and tracking

detectors for many charged panicles with multiplicity produced from a heavy ion collision

experiment built at BNL.J2]
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(3) Scintillators • Thin plates of various scintillators, organic or inorganic, converts the

energetic particles or X-rays into visible light and then an array of photomultiplier tubes or

semiconducting photodiodes detects the photons. Over the last decade, a major

improvement in spatial resolution in X-ray imaging was achieved by scintillating optical

fiber techniques [3] and micro-channel plate technique [4] by narrowing the angle of light

emission. X-ray image intensifiers with TV cameras are often used in X-ray digital

imaging.J5]

(4) Serniconductor _tectors ' Rapidly advancing technology of semiconductor

microelectronics and the availability of high purity semiconductor wafers are enabling the

construction of precision position sensitive radiation detectors. Basically ali the

semiconductor detectors adapt the same principle that the generated charges are drifted

toward the electrodes under the applied electric field in a depleted region and induce an

external current pulse.

Three of the most interesting position sensitive silicon detectors are (a) microstrip

detectors [6] with charge collection on individual strip electrodes, which are at present tile

highest spatial resolution detectors and are commercially available, (b) semiconductor drift

chambers [7] which employ a principle similar to that of gas drift chambers, and (c) charge

coupled devices (CCD) which transfer collected charges from cell to cell by peristaltic

potential variation. They have been employed successfully in recent physics experiments

with spatial resolution as high as 5 pm in one-dimension.[8] Since silicon has a low

interaction rate with soft X-rays, its coupling with scintillators enhances the efficiency of

medical X-ray imaging system. Other semiconductors like Ge, Hgi2, CdTe are also often

used to detect X-rays directly.

4



2.1.1 Two.Dimensional Silicon Pixel Detectors

Fig. ,,,.I shows a schematic top-view of a l-dimensional linear array and of a 2-

. dimensional pixel array of radiation detectors. Sometimes l-dimensional (linear or strip)

arrays of detectors are sufficient but 2-dimensional detectors will be necessary to reduce the

image scanning time in most radiological applications anti to avoid ambiguities arising from

multiple coincident events in particle physics experiments. Though 2-dimensional imaging

can be accomplished using double-sided Si strip detectors with crossed or inclined strips,

or segmented Si drift chambers,[9] they would not be as efficient as a genuine 2-

dimensional array, which we call a pixel detector. The term 'pixer is an abbreviation of the

word 'picture element,' referring to the smallest discernible element in image processing

devices such as a CCD camera or a color television set.

Recently new architectural designs of pixel detectors have been strongly encouraged

and enabled by improvements in silicon VLSI manufacturing technology. There are two

types of pixel detectors, monolithic and hybrid type devices, depending on whether

detectors and electronics are integrated in a single chip or made in two sep,'u'ated chips and

bonded together later.

_ mm.._,.,,,._=,_ -

_._.__J

,_mmlw_m_mwllm
I

I
m _ m m

I0- 100 Bm 0.1 ~ 1 mm

(al (b)

Fig. 2.1 Top views ef a linear and a pixel array of a,-Si:H radiation detectors.
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(1) Monolithic detect_Qrs:

CCDs are a good example of monolithic pixel devices which have been originally

developed for optical imaging in television video cameras and were first used as a radiation

detector by Damerell et al.[8] However CCDs have drawbacks, such as a small signal

because of the thin sensitive layer thickness (typically 5 - 10 l.tm) and an inherent slow

readout speed. Holland et "al.[10] have recently suggested and developed monolithic silicon

detectors by making a thick pin diode on one side and transistor electronics on the other

side of a high-resistivity silicon wafer.

(2) Hybrid detectors :

Hybrid type pixel detectors have been initially employed to image infrared radiation

for astronomy using 'flip-chip' technology, wh'_ch means that the detector chip and

electronics chip are fabricated separately and bonded, pixel-to-pixel, together using indium

bump bonding [11] or gold ball-conductive epoxy bonding [12] as shown in Fig. 2.2. The

hybrid types of detectors have a strong advantage in that detectors and electronics can be

separately optimized using appropriate material and processing technology. Therefore they

can have nearly 100% coverage of the sensitive area by detectors and fast readout speeds.

However the high fabrication cost and uncertainty of yield in large area devices are major

problems.

chip

Electr°nics1_,J _ pixel amplifier

Indium bump

Detector chip pixel detector

Fig. 2.2 A schematic diagram of indium bump technique.
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2.2 Readout Electronics

The signal processing system applied to a single radiation detector usually consists

. of a preamplifier, a shaping amplifier and a single-channel analyzer (SCA) for counting or

multichannel analyzer (MCA) for energy spectroscopy as shown in Fig. 2.3.

The preamplifier amplifies the detector signal, which is usually very small, for

further processing. Usually in a semiconductor detector, a charge-sensitive preamplifier is

'used to yield an output voltage pulse which is not only directly proportional to the signal

charge but also insensitive to the total input capacitances from the detector and amplifier

input node, including any stray capacitance.[ 13] The preamplifier should also have a low

output impedance to drive subsequent electronic components, and it should be located as

close as possible to the detector to minimize noise-producing stray capacitance.

The pulse-shaping amplifier often amplifies the output pulse of a charge-sensitive

preamplifier further, but its main function is to shape the output pulse of the preamplifier,

which is generally designed as a current integrator producing a step pulse or a long-tailed

pulse due to slow decay of the charge in the feedback capacitor through a high resistance (~

100 MfX) in parallel with the capacitor. The shaping amplifier produces a short pulse,

avoiding pulse pile-up of a subsequent signal on the tail, especially in the case of high

Bias

Single/Multi
Radiation Detector Preamplifier Shaping Amplifier Channel Analyzer

Fig. 2.3 A schematic diagram oi' signal pulse processing electronics for single detectors.
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detection rates. Shaping also functions to achieve the best signal-to-noise ratio by

eliminating electronic noise of low and high frequencies compared to the characteristic

frequency of the signal pulse. Iraits simplest form, it consists of a high pass and low pass

triter network such as CR-RC. But there can be many types of pulse shaping depending on

the specific requirement. [14]

A single-channel analyzer is composed of a pulse discriminator and a counter, lt

counts the number of signal pulses which have higher amplitude than a certain

dist.wirninating level. A multichannel analyzer is basically a combination of an analog-to-

digital (ADC) converter and an addressable memory and it displays the distribution of pulse

counts in a digitized scale of the pulse height, called channels.

Besides the typical pulse processing electronics mentioned, another important

requirement in 1-dimensional and 2-dimensional position sensitive detectors, is the signal

readout electronics because there is an array of many detectors. The signal readout is a

method for sending detector signals to the pulse processing electronics located externally, lt

plays an important role in determining the time and position of the radiation pulse.

2.2.1 Readout Schemes for 1-D Detector Array

Prior to developments in integrated circuit technology, 1-dimensional detectors such

as a multiwire proportional counter or silicon strip detectors used a pair of distributed

amplifiers to determine position by several interpolating readout methods.[ 15] Two typical

examples are '
,r

(a) The delay line method ' where the cathode wires or strips are connected at uniform

spacing to a helical coil of delay line, and the position is determined by the difference of

signal arrival times at two amplifiers.



(b) The resistive electrode method : where the wires or strips are connected to a resistive

electrode and the position is determined either by the ratio of charge division or by the

difference of pulse rise time measured by two amplifiers.

A schematic of these methods is shown in Fig. 2.4(a).

Another 1-d readout scheme is to use separate amplifiers connected to every strip as

seen in Fig. 2.4(b). While requiring many amplifiers, this scheme is much better for

readout speed and signal multiplicity because every detector signal can be processed at the

same time and independently. Recent developments in silicon analog integrated circuit

technology and fabrication process such as wire bonding, enable the making of compact,

reliable, low cost, and easily usable readout chips containing many amplifiers.II6] For

example a silicon vertex detector (SVX) chip developed at Lawrence Berkeley

Laboratory,II7] has low noise signal processing electronics for 128 input channels, lt was

developed for the hadron collider detector at Fermi Laboratory (CDF) and has been

successfully tested in the stationary target experiments.[18]

I

Detector ' i
e,,, strip/wire e • • • I

! ' i
¢ , ¢

Amp 1 Delay /resistive line Amp 2 Amplifiers

(a) (b)

Fig. 2.4 Schematics of readout schemes from 1-dimensional detector array (a) delay line
or resistive line readout scheme using two amplifiers (b) readout of signz.ls from
every detector strip or wire using the same number of amplifiers.
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2.2.2 Readout Schemes for 2-D Detector Array

2-dimensional detectors, by nature, requite more elaborate readout schemes.

Depending on various factors such as detector types (CCD, pixel detector, etc.), position

sensing or image sensing, and photo-like or movie-like detection, different schemes should

be employed. However decision of a readout scheme is a process of compromise between

readout speed and the complexity of the electronics, such as the number of interconnections

and the number of signal processing amplifiers. For very large area detectors with a

number of pixels > 106, the whole detector system can be assembled by putting many sets

of individual 2-d detectors side by side. In this case, each set may be processed in parallel

in time.

In this section the discussion is limited only to 2-d pixel detectors because of

ia_terestin its application to hydrogenated amorphous silicon.

(1) Every. Pix¢l Read_ot,_ethod '

It would be ideal if every pixel were connected to its own pulse processing

electronics through its own data routing line and ali the 2-d data were read at once.

A detector employing hexagonally-shaped pixels [19] has used this method. Every

pixel sends signals through its own data line to a linear array of amplifier chips located

either at the top or bottom edge of the detector array. This method gives very fast readout

speed but it requires a large number of pulse processing components. Also, since the data

lines are numerous and become so closely spaced as the pixel size becomes smaller, it

rapidly reaches a practical size limit. Hence a more realistic and smart readout scheme is -

necessary.
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(2) X-Y R_adgut Method :

This methods involves reading the signal from common x- and y-data lines at the

same time as shown in Fig. 2.5(a). Therefore it can give a very high readout speed, but

produces an ambiguity in the case of multiple hits during one resolution time.

A detector called the XYW detector, has been designed for a 2-d pixel array by

Diericky [20] to give a very high readout speed. Each pixel consists of a pixel diode, a

gated charge-sensitive amplifier, and a two-transistor output stages. The output of the

charge sensitive amplifier is connected to a common gate of the two transistors and

modulates the drain-to-source current simultaneously. While the drain electrodes of the

transistors are connected to a common bias, the source electrodes are connected to a

common row (x) and column (y) data lines, respectively. Two external signal processing

circuits, one for an x data set and oncefor a y data set, compare inputs (sums of signals

from pixels in each row and column respectively) with a given threshold level and produce

a digital address of the row and column connected to any pixel producing a radiation signal.

(3) Ljn_-Scanning M_thod :

This method involves scanning the data of pixel diodes line by line in sequence so

the x coordinate is determined by the time of the gate pulse and tile y coordinate is given by

a column index, as shown in Fig. 2.5(b). Therefore its readout speed is limited by the

number of rows. This system often requires temporary data storage at the pixel level due to

the relatively long readout time compared to the other methods, above. However, it has no

ambiguity in the position of radiation which is important in particle physics applications,

" and it also produces a real..time imaging which is often required in medical applications.

A line-scanning readout, the Eyeball-array,[21] has been developed at Xerox

PARC for an a-Si:H photodiode array. Each pixel consists of a photodiode and a readout

transistor made of a-Si:H. Details of its description will be given in the next section. A

similar line scanning readout method using two transistors has been suggested by Parker

[22] for a proposed silicon pixel detector array.
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Fig. 2.5 Schematic diagrams of readou methods for a 2-dimensional pixel detector array
(a) x-y readout method (b) line scanning method.

2.3 Hydrogenated Amorphous Silicon (a-Si:H)

Hydrogenated amorphous silicon has a relatively long application history as a solar

cell and a photo-sensor for optical imaging such as electron-photography (Xerography)

[23] and a facsimile head.[24] Schottky and pin diodes made of this material had been first

suggested for use as ionizing radiation detectors by Kaplan et al.[25] Some other groups

have tested this material as X-ray sensors with a phosphor such as CDWO4.[26] They have

emphasized that this material can be deposited onto large surfaces and produce a relatively o

high signal from interactions with ionizing radiation. Another potential benefit is its

inherent high radiation resistance because of its noncrystalline structure.[27]
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2o3.1 Production Methods

Hydrogenated amorphous silicon (a-Si:H) is an alloy of silicon and hydrogen

. which is deposited on a substrate (glass, quartz, plastic or metal) in a thin film from the

gaseous state. Amorphous silicon has been known for a long time but it has only attracted

attention as an electronic material since doping to produce p-type and n-type elements was

first demonstrated by Spear and LeComber in 1975,[28] who showed that by adding

dopant gases such as diborane (B2H6) or phospine (PH3) to silane gas (Sill4), p- and n-

type semiconductor material would be_''produced.
f

Out of the various methods of Eroduction from the precursor-gas state ' sputtering,L ,

(CVD), PECVD, photo-CVD, and so on, The PECVD, oftenchemical vapor deposition " " _

called ft-glow discharge, is known to produce best quality semiconductor material with

lowest defect density.

In the PECVD method, silane gas, sometimes diluted with hydrogen, is fed into a

vacuum chamber through a control valve and decomposed in a glow discharge by

capacitively or inductively coupled rf power into SiHn" (n = 1-3) and H + and forms a

weakly ionized plasma. SiHn" ions, precursors, diffuse onto a substrate and form a Si-Si

network by chemical reactions assisted by the heat. Heat is transferred from the filament

underneath the substrate by controlling its temperature. During the deposition process

hydrogen gas is evolved from the surface and is removed by the vacuum pump together

with the excess gas. Fig. 2.6 shows a schematic diagram of LBL PECVD system.

= Deposition conditions such as gas flow rate, gas pressure, rf power density and

substrate temperature, play a critical role in determining the quality of films and growth

" rate. Optimization of the deposition condition requires long period of trials and errors. Az

typical deposition condition for LBL PECVD system at 85 MHz of rf glow discharge

frequency is summarized in Table 2.1 where sccm stands for standard cubic cm.
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Table. 2.1 Deposition parameters of LBL PECVD system

....... . i

Layer type n-layer i-layer p-layer

. Gases & flow rate S_I 4 • 40 seem Si.H4 ' 40 secm Sill4 • 40 seem

PH 3 ' 6 seem B2H6 ' 15 seem

CI-I4 • 90 seem
_ ii ii E l IIII I I -_ IN

Heater temperature 320 °C 320 °C 250 °C
........ i ii iii i n i i _j_ Inlll n ni i I IN

RF power 5 Watt/cm 2 7 Watt/cm 2 5 Watt/cre 2
i r nUll In _ ni

Growth rate 27 nrn/min 38 nrn/rrfin 27 nm/min
iiii iiiii ___ I i iii ............

2.3.2 Basic Properties

Atomic silicon has four valence electrons and its most stable form is a crystalline

diamond structure. Amorphous silicon is a random network of silicon atoms, a schematic

of which is shown in Fig. 2.7. The optimum coordination number to get the minimum free-

energy of the ideal random network system has been theoretically calculated to be <

2.4.[29] Because of this there are inherent structural defects such as dangling bonds and

voids which act as trapping and recombination centers for electrons and holes.

Hydrogenation makes a better material than pure amorphous silicon in terms of the

mechanical and electronic properties because the hydrogen atoms tend to terminate dangling

bonds and therefore reduce the defect states from -1017 to -1015 cm "3in the gap between

the conduction and valence bands. Atomic hydrogen concentrations of ~ 10 % of the

• amorphous silicon density is known to make a device quality material.J30] Extra hydrogen

atoms left after compensation of dangling bonds, remain in atomic or gas molecular form in
v

the silicon matrix and voids. They make bubbles or diffuse out of the material depending

on the temperature and hydrogen partial pressure of the bulk material and of the

environment. When the atomic concentration of hydrogen is less than 5 % micro-crystalline

15



structures develop.[31] Table 2.2 is a comparison of fundamental material properties of

crystalline silicon and hydrogenated amorphous silicon.

d

C) Silicon

• Hydrogen

Dangling Bond

Fig. 2.7 A schematic structure of a-Si:H showing dangling bonds and a void.

Table 2.2 Material properties of crystalline silicon and hydrogenated amorphous silicon

II ............Properties Crystalline Si a-Si:It

Structure Diamond random network

Interatomic distance (A) 2.35 2.35 + 0.07ii .,

First bond angle (*) 109.47 109 + 10
i i i .i

Density (gr/cm 3)..... 2.3 - 2.25

Dielectric constant 12.0 ~ 11.8 "
, i , i i ,,m,, _ i

Resistivi,t_, (f2cm) ...... < 105 > 109 ,i ,-, J,,ll .... . _

....Electron mobility (cm2/Vsec) 1350 1 ~ 2

Hole mo_bilit),(cm2/Vsec) ..... 480 .....0.004 - 0.007

.... Band gap energy (eV) .1.12 (indirect) 1.7 ~ 1.9 (direct)
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(a) Cr'ystalline-Si (b) a-Si:H

Fig. 2.8 Schematic band structures of (a) crystalline and (b) amorphous silicon.

Schematics of band structures of crystalline silicon and amorphous silicon are

shown in Fig. 2.8. Conduction and valence bands are not well defined in amorphous

silicon. Each has a deeply penetrating band tail, called the Urbach edge, [32] into the

forbidden gap due to lack of long range order in the random network, and there is a high

density of gap states, mostly originated tYom dangling bonds.

In the band tail states, the density of state becomes low so that the electron wave

function does not overIap between the states. Hence electrons or holes which are mostly

located in the tail states can not move as freely as in the conduction or valence band and the

, transport of electrons or hole:, is characterized by ranges in values of mobilities depending

on the energy state. In contrast to crystalline silicon, the observed average mobility, often

' called the drift mobility of amorphous silicon around room temperature, increases as the

temperature is raised because of excitation of trapped electrons in the tails states to higher

conduction states. The observed mobilities are typically ~ 1 cm2/Vsec and ~ 0.004

cm2/Vsec for electrons and holes respectively at room temperature. Because of the
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asymmetrical density of states with more states in the lower half of the gap, the average

drift mobility of holes is much lower than that of electrons. Also the hole transport is

dispersive and is governed by a hopping mechanism even at room temperature. At very low

temperatures, trmlsport of both carriers is dominated by a hopping mechanism rather than

drift. Hopping is a conduction mechanism in which carriers jump from a localized tail states

to a neighboring tails state under the influence of the electric field. The transition

temperature between drift and hopping mechanisms for electrons and holes are typically ~

150 "K and ~ 360 °K respectively.[33,34]

The mobility edge in non-crystalline solids suggested by Mott [35] is a conveniently

defined concept to represent that ali the electrons having their kinetic energy above the

conduction band mobility edge, called free electrons, are assumed to have a constant

mobility often called an extended drift mobility, arid all the electrons with energy below the

mobility edge, called trapped electrons, have zero mobility, and similarly for the holes.

Then there is an equilibrium of trapping and detrapping process of free carriers and trapped

carriers at any temperature.

The average energy state of dangling bonds is located in the middle of the forbidden

gap between the conduction and valence bands and the density of states has a broad peak

which is often simulated as a gaussian shape with a width of a few tenth of eV. If a

dangling bond captures an electron, the energy states of these two electrons deviates by 0.2

~ 0.3 eV. This is the repulsion between two electrons with opposite spins and is called 'the

correlation energy'.[36] Electronically a dangling bond can have three states; (a) singly

occupied (D°), (b) doubly occupied(D') and (c) empty (D+). When the dangling bond is •

occupied by a single electron, it is neutral. Fig. 2.4 (b) shows D° and D- states. We can

consider DOstates to be filled and D- states empty. Therefore the Fermi energy level is

located in the middle of these two peak. The density of dangling bonds is normally

measured by an electron spin resonance technique.[37]



The Staebler-Wronski effect,[38] the generation of metastable defect states from

light soaking, electric stress, and aging breaking weak silicon bonds into dangling bonds is

still the main way in which the device quality is degraded with time.

2.4 a-Si:lt Pixel Detector Structures

A-Si:H radiation detector structure is a reverse biased pin diode which is similar to

that of solar cells. A detector consists of a metallic layer and a thin heavily doped p layer (~

30 nm), followed by an intrinsic layer which forms the bulk of the diode, then a thin

heavily doped n layer (~ 30 nm) and finally a thin metallic layer. Chromium or palladium

are the usual metals that are used for the electrical contact. The p and n layers are blocking

layers to minimize the reverse current. The bulk i layer acts as the main region where the

incident radiation interacts and produces the secondary electron-hole pairs. The i-layer must

be thick enough to produce enough electron-hole pairs to give a detectable signal.

For use as a radiation detector two possible schemes may be.implemented"

(a) Indirect detection • A thin (1 ~ 5 I.tm) pin diode is coupled to a thick (0.3 ~ 1 _m)

CsI(T1) scintillator for x-ray or single panicle detection.

(b) Direct detection • A thick (50 ~ 70 ktm) pin diode is used for direct detection of single

particles especially minimum ionizing particles.

Fig. 2.9 (a) and (b) show cross sectional conceptual views of pi×el elements which

integrate pixel amplifier and readout electronics on a glass or quartz substrate with L

deposited a-Si:H layers.

i*
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Fig. 2.9 Cross-sectional view of a single pixel ; (a) indirect detection scheme using a
scintillating layer coupled to a thin a-Si:H photodiode and (b) direct detection
scheme using a thick a-Si:H diode.

2.4.1 Thin Detector Coupled to Scintillating CsI(TI) Layer

In this configuration, the scintillating layer converts the energy deposited by x-rays

or single particles into visible light; the thin a-Si:H pin diode absorbs the scintillation light

and generates electron-hole pairs. For the effective transmission of the scintillation light, a

thin metal layer(< 100 nm of Cr) or a transparent conducting layer such as indium-.tin-oxide

(ITO) may be used for the top contact of the diode in Fig. 2.9 (a).

Among various scintillating materials, CsI(T1) appears the most promising for the

following reasons'

(a) Large-area deposition • It is readily deposited by vacuum evaporation at low deposition

substrate temperature [39] in the range of 50 ~ 250 "C. This allows for the possibility of lP

direct evaporation on to an a-Si:H photo diode layer without degrading the a-Si:H which
tw

start to degrade at 250 "C. The CsI adheres well to roughened glass or roughened Al.

However in order to deposit it with good bonding on ITO coated a-Si:H it was found

necessary to deposit an intermediate layer of-- 1btm thick polyimide which is transparent to
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the scintillation light.[40] The polyimide is formed by spin coating and is baked at 200 "C.

The details of the evaporation conditions for the CsI have been reported. [41]

(b) Good spatial resolution : Depending on the deposition conditions, it forms columnar
J,

structures [42] which limit the light diffusion sideways and allows high spatial resolution.

100 I.tm of spatial resolution has been demonstrated from 1 mm thick CsI(T1) by 17 keV X-

ray which was a factor of 2 higher than that of the same thickness Gd202S, a commonly

used scintillator.J41 ]

(c) Light properties : After interacting with the incident radiation, CsI(TI) emits a spectrum

of light with decay times of 1100 and 600 nsec. The emitted light is in the visible and

matches well with the absorption response of a-Si:H as shown in Fig. 2.10 which compare

the light spectrum with other CsI materials.[43] The light yield is 50,000 visible photons

per 1 MeV energy deposit, which is among the highest light output of any known

scintillator.[44] CsI(TI) layer 300 - 1000 ktm thick will produce 12,000 ~ 40,000 e-h pairs

in a thin a-Si:H diode for minimum ionizing particles after correcting for light scattering and

transmission losses.[41 ]

The main disadvantage of CsI(TI) scintillators is that their resistance to radiation

damage by energetic particles (fast neutrons or high energy protons) and by gamma rays is

not as high as that of a-Si:H. Perez-Mendez et a1.[45] have shown that a-Si:H is extremely

radiation resistant and is not damaged by fast neutron fluxes > 1014 n/cre 2. However,

because the CsI(TI) is deposited in thin layers, the degradation due to radiation which is

largely due to attenuation of the light transmission is less than that of thick crystals. For

• example, for a ~ 100/am thick deposition the signal from gamma rays emitted by Co 60

dropped by half after an irradiation dose of 106 rad of the same gamma rays.[41] By
i

comparison with a 1 mm crystalline CsI(T1) detector, the signal dropped to half at 104

rad.[46]

CsI(Na) is more radiation resistant than CsI(TI) [47] and it has a short lived ~ 20

nsec component but it is hygroscopic and emits less light (38,000 photon/MeV).[39] Other
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scintillators, such as cadmium tungstate, gadolinium oxysulfide, gadolinium silicate etc.,

which can be deposited in large areas may also prove applicable to the indirect detection

method,

] 1 I I 1

._ CsI CsI(Na) CsI(TI) a-Si:H
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Fig. 2.10 Scintillation light spectra of pure CsI, CsI(Na) and Csl(Tl) and detection
efficiency of a-Si:H photodiodes.

2.4.2 Thick Detector for Direct Detection of Ionizing Radiations

In high energy physics experiments in electron-positron collider or proton-

antiproton collider accelerator, detection of minimum ionizing particles is the major
in,

concern. Those particles such as fast electrons or other elementary particles produce a

uniform distribution of electron-hole pairs as they pass through the silicon.

In order to detect minimum ionizing particles direcdy with a-S_, _"x-_diodes, the i

region containing the electric field must be thick enough to produce an adequate signal

above noise. The radiation signal is basically proportional to the energy absorbed in the
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bulk of detector where the electric field is not zero. And the generated charges will drift and

be collected. There are some material problems in making thick radiation detectors using the

conventional PECVD. As the a-Si:H film becomes thicker, compressive stress develops
I,

and either cracks are generated in the a-Si:H layer or the substrate bends.

hl order for the elet_tric field to penetrate into the i region, it must be fully depleted.

A very large bias is required for this due to the large density of space charges which are

mostly from the ionized dangling bonds.

However recently there has been improvements in the deposition technique. For

instance, production of 50 - 100 I.tm pin diodes with dangling bond density _<2 x 1015

/cm 3 deposited in a 110 MHz PECVD machine at a deposition rate of 2 ~ 3 _rn/hour has

been reported.[48]
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Chapter 3 Charge Collection and Signal Formation

3.1 Introduction

When ionizing radiations, such as X-rays, gamma-rays, or charged particles, are

incident on an amorphous silicon pin diode they produce electron--hole pairs along their

paths. These electrons and holes drift toward the n- and p-contact layers under the strong

electric field built by the reverse bias. The drift motion of electrons and holes induces a

current pulse at the external circuit of the detector with a shape determined by the electric

properties and the geometric configuration of the detector. The main interaction and drift

occurs in thick i-layer of the diode. The thin (40 ~ 100 nm) p- and n-layers serve as

blocking contacts to minimize the unwanted injection of electrons and holes from metal

contacts when the high reverse bias is applied. Tile signal current pulse is integrated by a

charge sensitive preamplifier and is shaped by a following shaping amplifier to produce a

voltage pulse whose magnitude is proportional to the signal charge.

Normalization of the output signal charge to the total generated charge is called the

collection efficiency. This is an important quantity for optimal design of the detector, for

example, to determine of the size and thickness of pixel detectors, the operation bias, the

shaping time, etc.

In this chapter simple analytical equations of the charge collection efficiency will be

derived and measurements, of the required device parameters and simulation of the model in

several cases will be discussed.
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3.2 Charge Collection Efficiency

The charge collection efficiency, rl, is defined as
collected charge Qcol

1"1-- total generated charge Qgen

The total generated charge, Qgen, is

Qgen = q ZkE(x) dx = q no(X) dx = q NoW

where q is an electronic charge and N is the total number of generated electron-hole pairs, d

is the thickness of the i-layer of a,Si:H pin diodes. AE(x) is the energy deposited in the
_,,

detector by the radiation at a distance x measured from p-i junction. W is the average

ionization energy needed to produce an electron-hole pair by the radiation and its value

varies slightly depending on the radiation type and its kinetic energy, no(x) is the initial

distribution of generated charges and No is the total number of electron-hole pairs

produced.

The collected signal charge can be obtained by integration of the induced current

caused by the motion of signal charges in the der :cting material.

Qcol - lind(t) dt - q Ncol

where Ti is the integration time which is the less between the transit time of charges in the

detector and the shaping time of the pulse shaping amplifier. In gas-type radiation

detectors, such as ionization chambers, the induced signal current is normally calculated by

the energy balance, but in solid state detectors, such as p-n diodes or Schottky diodes, it
h

should be calculated according to principles developed in the study of induced currents in

. vacuum tubes.[1] Tove et al [2] have showed that a moving point charge q between two

parallel electrode with separation d, induces a current, i which is

: dt
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Several assumptions are made in order to calculate the signal charge collection in a

highly reverse biased a-Si:H pin detector ;

(1) Charge generation. • Two cases of distribution of generated charge density are

considered as shown in Fig. 3.1; (a) Uniform generation : no(X) = constant = no.

Radiations, such as minimum ionizing particles which have a much longer range than the

typical thickness of the i-layer (5 ~ 50 _m), produce a uniform distribution of charge

density. In partial depletion cases, the charges produced in the depletion region contribute

to the total signal size. (b) Surface generation • Radiation such as ultra violet light has a

large absorption coefficient so effectively all the interaction occurs at the surface region of

the detector. Generally the density distribution is expressed as an exponential function,
,

no(X)= noe'a×

whereaisthelinearabsorptioncoefficientanditisthereciprocalofthemean frccpathof

theradiationinthea-Si:H.

In thecaseof thestrongabsorptionwhere themean frecpathisvery short

comparedtothediodethickness(ad>> I),thedensitydistributioncanbcmodelledsimply

asadeltafunction,no(X)= NoS(X),andonlyonetypeofchargecontributestothesignal.

p-layer i-layer n-layer

1_____ [
Surface generation

no(x) i _. (p-side) i

___Uni_f°rm genera!°n _l .

J_k...... i- -ii/,l
0 x

Fig. 3.1 A schematic geometry of an a-Si:H pin detector and the density distribution of
generated charges; (a) Surface generation at p-side and n-side, (b) Uniform
generation.
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(2) Diffusion and drift.: The diffusion of charge carriers during the transit time is neglected

because the diffusion length is much shorter than the sample thk;kness. Therefore the drift

is the only driving force of the motion of electrons and holes considered in the calculation.
4

Also the mobilities of electrons and holes are assumed to be constant and independent of

. the electric field strength. These assumptions are not good especially in the case of hole

transport because of their low mobility and hopping characteristics. However, the

simulation seems to give good fits to the measurements. For simplicity of the calculation

we neglect the dispersive nature of holes.

(3) Recombination and trapping • The main recombination process is Shockly-Read-Hall

recombination through the donor-like states located in the middle of' the gap which is

mainly the D° states of the silicon dangling bonds.j3] In good quality amorphous silicon,

other gap states, for example impurities like P, B, O, C, and N etc. or hydrogen-complex

induced trap centers, are also important recombination and deep trapping centers causing

the signal loss during the transit tirne.[4] The direct recombination (Auger recombination)

of generated electrons and holes is neglected because of the small cross section. The overall

charged carrier loss process is modelled as a simple exponential function during the uansit

time using the concept of an average lifetime, xi, where the subscript i refers to electrons

(%) or holes (Zh). The density of charge carriers at a time t meaaured from the generation

time is

' n(t) = n(o) e" t/xi

This assumption is generally valid in the case of medical x-ray imaging and detection of

" minimum ionizing particles, because the density of generated signal charge is so small

compared to the large density of recombination centers that charge loss is independent of

position. In the case of highly charged heavy particle detection such as alpha particles,

- protons and fission fragments, this assumption is poor and a plasma effect, leading to slow

pulse rise time due to plasma formation [5] and a pulse height defect due to high rate of the

'_ direct recombination [6] of electrons and holes, must be considered.
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(4) Electric field configu_j.9.g ' The abrupt depletion model is used to calculate the electric

field in the pin diode. The electric field in the p- and n-layer are neglected. In the i-layer the

dangling bonds which do not have hydrogen atoms attached are readily ionized under the

action of a reverse bias across the diode, and will leave a density of positive space charge

which is 30 ~ 35 % of the density of the total dangling bonds as measured by electron spin

resonance.[7] Therefore the i-layer behaves as a slightly n-type layer and the depletion of

the i layer starts from the p-i junction and extends towards the i-n junction as the reverse

bias increases. For maximum signal charge collection, the diodes must be fully depleted.

When the applied bias is high enough to deplete ali the i-layer the electric field is

simply linear, however when the bias is not high enough to deplete ali the i-layer, the

electric field in the i-layer of re,erse biased a-Si:H pin diode is normally calculated by a two

region approximation based on the electron quasi Fermi energy level. Recently Kleider et

al.[8] have developed a model to calculate the electric field in amorphous silicon Schottky

diodes which is based on both electron and hole quasi Fermi energy levels and results in a

three-region approximation. However for the calculation of the charge collection in reverse

biased thick pin diodes the two-region approximation seems to be satisfactory, because the

other region width is normally less than 1 gm.

In region I, where the electric potential is higher than a critical voltage _c (~ -1V),

the space charge density is constant and equal qNd* where Nd" is the maximum ionizable

dangling bond density. The Poisson equation has the form

d2q_(x) - p = -_9
dx2 ¢o _:asi (3.1)

where ¢o is the dielectric constant of vacuum and Casiis the relative dielectric constant of

hydrogenated amorphous silicon.

In region II where the potential q_(x) drops below _c, we assume the space charge

is proportional to the potential _(x), theretbre the Poisson equation is
d2t_(x) _(x)

-- px---
dx 2 _c
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The equations are then solved with the i-layer boundary condition of _(0) = Va = the

applied reverse bias, and _(d) = 0 and the continuity condition of potential and field at the

boundary between two regions.

However the transport of charge in region II does not contribute to the signal charge

. collection because the field is so low that deep trapping and recombination are dominant in

this region. Therefore we will neglect region II and only consider region I. See Fig. 3.2 for

comparison of electric fields and space charge density distribution in the case of a two-

region approximation and a one-region approximation.

The thickness of region I, which is called the depletion thickness, w, is

W=v" p

In order to deplete all of the i-layer, the applied reverse bias, Va, must exceed the full

depletion bias, Vf, which is obtained from the above equation by substituting w by d.

Vf = p d2 (3.2)

/_ Space Charge Density

1o w.........
_ Electric Field, F(x)

P i-layer n p i-layer n
I i . - ,.......... m

(a) (b)

Fig. 3.2 A schematic diagram of space charge and electric field distribution in a partially
depleted a-Si:H pin diode depicted by (a) two-region model and (b) one.-region
model.
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Now let's define a dimensionless variable, the depletion parameter, Y.

y - _W..= (Vf_l/2

Then the electric field F(x) in the partial depletion case is

F(x) = p ( x - w ) 0 _<x _<w ( Y < 1 ; partial depletion ) (3.3) "

F(x) = 0 w_<x_<d

In the full depletion case,

F(x) = p ( x d.._w2_"2 "2d ) 0_<x<d (Y>I ;fulldepletion) (3.4)

where w does not have a physical meaning of the depletion thickness because it is larger

than the i-layer thickness d from its definition.

(5) Bal!istic Deficit' The output pulse height of the shaping amplifier does not reflect the

actual charge collection efficiency when the pulse shaping time, x, is shorter than the transit

time, tt, of the charge can-iers in the detector. The output signal is only proportional to the

charges collected during a time interval equal to the shaping time, i.e. tt must be replaced by

1:in the integration to calculate Qco]. This type of signal loss is called the ballistic deficit.j9]

In principle the ballistic deficit is not a charge loss process in the detector, but it affects the

output signal size as do other charge loss mechanisms. For thick a-Si:H pin detectors (> 10

I.tm),the ballistic deficit is a major signal loss in the hole collection because of its low drift

mobility and long transit time especially when a fast pulse shaping (x < 1 _sec) is used. In

the electron collection, Ballistic deficit is negligible unless the sample diode is very thick (>

l O0 i.tm) and the operation bias is low.

Using those assumptions, the charge collection efficiency is obtained in simple

analytical foxxns for three cases', uniform generation and the two surface generation cases in

a simple pin detector and also analyzed was uniform generation case in a multi buffed layer

detector.
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3.2.1 Case 1 : Uniform Generation in PIN Detector

The charge collection efficiency is calculated in the case of uniform distribution of

• charge density, no(x) = no, for two bias conditions; partial depletion and full depletion bias.

. (1) Partial depletion bias ( Y < 1 )"

(a) Electron collection efficiency

In a partial depletion case, the generated electrons drift from the p contact toward

the depletion boundary, w. "Ilae drift velocity of the charge carrier in the semiconductor is

proportional to the electric field, to a first order approximation, so the velocity of an

electron at position x will be given by the following equation, using the electric field

distribution for the partial depletion case.

Ve(X) = - Pe F(x) =

where '_nis the electron characteristic time defined by
Xn = ---L-- p ge (3.5)

where p is defined in the previous section.

By the definition of velocity,

v(x) - d_.x.dt

tlae electron drift velocity can be represented as a function of time, t, and the initial position,

Xo,instead of the present position, x.

Ve(Xo,t) (w- Xo) _t= 1:n e Xn

The transit time of the electron from Xo to w is infinite. Theoretically the electron never

reaches the position w. This applies to any electron between ×o = 0 and xo = w. In the case

of uniform generation of charge carriers, the induced current, Ale due to no electrons

generated at x = xo iz given by Ramo's theorem.

AIe(xo,t) = q no e-x-_-e

&

Ve(Xo,t)
d
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where Xe is the electron lifetime and the exponential term is a correction factor due to the the

loss of electrons by trapping which is mostly a deep trapping by dangling bonds. Now,

consider the charge collection using an ideal charge sensitive preamplifier which is simply a

current integrator having a collection or integration time x. The induced charge at the

electrode due to the n electrons generated at Xo,is

foAQe(xo) = AIe(xo,t) dt

The total induced charge due to electrons generated in the depletion region (0 < Xo< w) is

fo fo/oQe = AQe(xo) dxo = dxo AIe(xo,t) dt

Since there is no field in the undepleted region, there is no contribution to the signal from

carriers in this region. The maximum induced charge at the electrode by collecting ali the

electrons and holes in the detector is

Qgen = q no d

So the electron collection efficiency, the relative signal size contributed by the electrons is
Qe y2 xl- e- cx_xTie -

Qgen 2 ct, "n

where

o_e = .q:n+ % (3.6)
"Cn're

If we collect ali the electrons from the detector tie is equal to 0.5.

(b) Hole collection efficiency

Similarly, the drift velocity r0r holes is
Vh(X) = _F(x) =

Xp •

where "Cpis the hole characteristic time defined by

17p- p__lp_h_

Using the same process as for the electrons, the velocity of holes at x is represented by the

initial position Xo,and time t.
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..L
Vh(Xo,t) = x-9--L-wexp

'_p

The difference between the collection process of holes and of electrons is that the electrons

can never reach the depletion boundary, w, for any given collection time, ts but some of

holes can arrive at the p-contact. Therefore the above velocity expression is only true under

the condition that
W

t<tp -=-xplr_w. Xo)

where tp is the transit time of the holes from x = Xo to x = 0. The current density is also

limited up to tp.

...t_vh(xo,t ) H(tp- t)AIh(Xo,t) = - q noe Xh d -

where th is the hole lifetime and H(t) is the step function. If the collection time, 'c is

specified, then a division should be made between two groups of holes; one group consists

of the holes which are collected completely during that time and the other consists of the

holes which remain in the i-layer at time x. The boundary between the initial positions of

the two groups of holes is
t.

Xp = w(1-e',cp)

The induced charge per unit area of the electrc£1e by collection of holes is

p f;Qh = dxo AIh(Xo,t) dt + dxo AIh(Xo,t) dt

P

So the collection efficiency contributed by holes is

,i,lh _. Qh = y2 1-e-C_x
Qgen -2- x .i_h Xp-

where

ah -- 5p_Z_
'l:p"q_

(c) Total collection efficiency

Finally the total collection efficiency for both electrons and holes in a partially

depleted detector for a given shaping time '_,is

y2 [1- _ L.:_._'_ xi
T1 = Tle+rlh= _xt--_i _n + O_h-_-p--J
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(2) Full Depletion Bia_ ( Y > 1 )"

(a) Elecu'on collection efficiency

The procedure for calculating the collection efficiency for the full depletion case is

the same as for the partial depletion case except that we need to compare the collection time,

x, and the maximum transit time, tn, which is the electron travel time from x = 0 to x = d

given by

tn - 1:nln/Y2+ 1t
_y2.11

The calculated electron collection efficiency is

Tie = _-[(y2+1)2 1 "e'a* t-(y2-a) 2,!, "-e-_-t]

where

IBe T,
%n'Ce

and t is the lesser of the two %and tn. This time governs the collection process.

(b) Hole collection efficiency

Similarly the hole collection efficiency is

Tih = 1[(V2+X)2_sL _" (y21)21 :e-_2ah"_p IBhXp t1

where

[3h = 1:p- _h
"Cp

and t is the minimum between the shaping time x and the hole transit time tp,

tp F_ _ln/Y2 + !)_y2.1

(c) Total collection efficiency

The total collection efficiency is

TI = Tle+T[h
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3.2.2 Case 2 : P.side Surface Generation in PIN Detector

When strongly absorbed radiation is incident on the p-side of a-Si:H pin detectors,

, the signal is induced by the electrons only, because the transit distance of the holes are

nearly zero. Hence
Q +Qh _ Qe

" rl- =_-g-Qgen

where

Qgen = q No

By Ramo's theorem, the induced current is
..k ve(t)

Ie(t) = q No e" "c_---'ft-

and the collected electron charge is

fOQe ; Ie(t) dt

Hence the collection efficiency is

_-- m f_ "'J'-

= Qe 1 x e "c,ve(t)dt
rl Qgen d

where t is the lesser of two times: the transit time and the shaping time.

(1) Partial depletion bias ( Y < 1 )"

In the case of partial depletion, the electrons never arrive at the n-side during the

shaping time and their velocity can be represented by
t

Ve(t) = w e-_:_
'_n

Therefore, the collection efficiency is

rl = Yx l'e'_x0_e'_n

• where 'l:nand fie are defined already in equations (3.5) and (3.6) respectively.

(2) _letion Bias ( Y > 1 )"

The electron d_ift velocity in the full depletion case is
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d. w__2

Ve(t) 2 2 d _t= e 'Cn
1;n

If the shaping time x < tn, which is the transit time from x = 0 to x = d, then the collection

is terminated at time t = 'r and '_> tn the collection is terminated at time t = tn. Hence the ,,

collection efficiency is

(y2+ l)x 1-e-_ tvi =_ 2 aeXn

where t is the less of two, 'r and tn.

3.2.3 Case 3 : N-side Surface Generation in PIN Detector

In this case, the signal is governed by the hole collection only.

(1) Partial depletion bias ( Y < 1 )"

When the i-layer is not fully depleted, there is no external field at n-i junction, so

the holes can not drift. Therefore the collection efficiency is zero.

(2) Full Depletion Bias ( Y > 1 ) '

Similarly to the electron case, tile collection efficiency is

f0rl _ Qh _ ]_x e "chVh(t)dt
Qgcn d

where the hole drift velocity is
d w2

A,..
Vh(t) _. 2 2 .d_.e_p

'_p

Hence the collection efficiency is

[y2.1/ x !..=g"_...__.2t
rl = _ 2 / ]3h1:p

$

where t is the lesser of two, the shaping time x and the hole transit time tp. Since the hole

mobility is so low the collection is usually limited by the shaping time.
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3.3 Signal Formation

The radiation detector signal is usually processed as a voltage pulse in the following
II

electronic system and the information is represented as a pulse height.

Fig. 3.3 shows a typical radiation detection system with ac coupling of the detector

to a charge sensitive preamplifier.[ 10] First the signalcurrent induced by the motion of the

generated charges is integrated in a charge sensitive preamplifier. The output voltage signal

of the preamplifier is shaped into a pulse form by the following shaping amplifier.

There are many types of pulse shaping amplifiers [11] depending on the specific

purpose but here the discussion is limited only to the case of the most popular CR-(RC) n

shaping amplifier which is basically composed of one differential (CR) stage and n stages

of integration (RC)_ This produces a pseudo gaussian pulse when n is large. A typical

value of n is 4.[12]

3.3.1 Output Signal of Charge Sensitive Preamplifier

The total induced current from the detector can be written by
drl(t)

Iind(t) = Qgen x d'-"_

where rl(t) is the charge collection efficiency at a time t.

Bias Rf

.,
r

Radiation Detector Preamplifier Shaping Amplifier Pulse Analyzer

: Fig. 3.3 A schematic diagram of radiation detection system.
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The input voltage signal to the preamplifier without the feedback loops is

Vi(t) = _ Iind(t') tit'
Ctot

where Ctot is the sum of the detector capacitance, Cd, and the input capacitance of the

charge-sensitive amplifier, Ci.

The closed-loop gain of the charge sensitive preamplifier, Ac, with a negative

capacitive feedback [13] is calculated to be
Ctot × AoAc=

[Cto_+ (1 + Ao) x Cf] (3.7)

If the open-loop gain, Ao, is large then Ac ---Ctot/Cf.

If we consider the output pulse decay through the feedback resistor Rf with a decay

time constant_ '_f= Rf x Cf, then the output signal becomes simply

LVcsa(t) "_ l x e-t/_f Iind(t') x et'Rf dt'
Cf '

Now the output pulse height from the charge-sensitive preamplifier without pulse decay

becomes simply

Vcsa(t) = _ff lind(() dt' = Qge-----Enx rl(t)Cf

i.e,, the output pulse height from an ideal charge-sensitive preamplifier is simply

proportional to the charge collection efficiency.

3.3.2 Output Signal of CR.(RC) n Shaping Amplifier

The output pulse shape of the CR-(RC) n shaping amplifier is calculated by a

differentiating and n integrating the output signal of the charge sensitive preamplifier.
n

Vsha(t) = dt * * * dt dt d a(t),
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Appendix A is a fortran program to calculate the charge collection efficiency and the

normalized output signal of the shaping amplifier.

ii

3.4 Input Parameters

ha order to estimate the charge collection efficiency of a-Si:H pin detectors, several

material parameters are required besides the operational parameters, such as bias and

shaping time. They axe the average ionization energy, the ionized dangling bond density,

mobilities and lifetimes of electrons and holes in i-layer of a-Si:H. In this section,

measurement and the results of these material-dependent parameters will be explained.

Samples used in this research were made by the PECVD method in three places: (a)

thick (10 ~ 50 gm) a-Si:H pin diodes from Glasstech Solar Inc. (GSI), now Mater, al

Research Group (MRG), (b) thin (< 1 ktm) pin diodes and a-Si:H and poly-Si TFTs from

Xerox Palo Alto Research'Center (Xerox PARC) and (c) thin (1~ 5 gm) pin diodes and

buried layer diodes from Lawrence Berkeley Laboratory (LBL).

3.4.1 Average Ionization Energy

The average ionization energy, W, of hydrogenated amorphous silicon was

measured at LBL [14] using a 5 _tm thick a-Si:H detector and a pulsed X-ray source

calibrated with ~ 200 _tm thick crystalline silicon detector. For minimum ionizing particles

it was also measured at the Bevatron by Shaft.[15] The measured value was 4.8 + 0.2 eV.

This is consistent with an empirical relationship between W and the band-gap energy Eg

" reported by Klein.[ 16]

W = 2.8 × Eg + phonon loss = 2.8 x 1.7 +0.5 = 5.2 (eV)
z
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3.4.2 Ionized Dangling Bond Density

Good quality hydrogenated amorphous silicon normally has a dangling bond

density of 1015 - 1016 per cm 3. Dangling bonds are ionized by releasing the non-bonded
lt

electrons under the electric field and thus becoming positively charged. The maximum

ionizable dangling bond density, Nel*,under strong reverse bias was measured to be about '

one third of the total dangling bonds as measured by the electron spin resonance

technique.[17] Two methods were used to measure the ionized dangling bond density

directly:

(1) IAg.__ : For charge generated at the n,i interface by a short-wave-length light (500

~ 600 ltm), there will be no hole collection signal until the i-layer is fully depleted. Hence

the ionized dangling bond density can be calculated by the following equation converted

from the equations (3.1) and (3.2) knowing the thickness of the sample and the threshold

bias for full depletion, Vi',

NI--2
qd 2

(2) Tr_n_ienl ph0_9¢0nductivity (DC time-of-flight ) : This method has been used to study

the built-in potential distribution in amorphous silicon Schottky diodes [18] and thin (< 1

ltm) pin solar cells.[ 19] Under reverse DC bias, when strongly absorbed light is incident

on the p-side (p-side generation), the electrons generated at the p-i interface drift toward the

n-layer under the decreasing electric field due to the space charge of the ionized dangling

bonds. The induced photocurrent due to electron drift is
t Ve(t)

le(t) = q No e'xc --d--

and the velocity is expressed by the following relation.
_k.

Ve(t)= e-

Since from the equations (3.1) and (3.4)

= _Fo
q NO lte

44



the induced current is an exponentially decreasing funcdon of time
w No 1+1. t

lc(t) =_--e'(,= _.)
d _n

and the ionized dangling bond density can be calculated from the slope in log(I)-lin(t) plot
II

by the following equation knowing lte and Xe.

Slope = _ Nd + _e

3.4.3 Drift Mobility and Lifetime

The drift mobility and the lifetime of electrons and holes are generally measured by

the transient photoconductivity method under pulsed-bias condition. This method is known

as a pulsed-bias time-of-flight measurement. Fig. 3.4 shows the schematic set-up for the

time-of-flight method. Either the p.. or the n-side of the pin diode is illuminated by short

pulse of light with a srcong absorption coefficient so that the electrons or holes are

produced within 1 jam of the appropriate contact soon after a square pulse of bias is

applied. Depending on the direction of illumination, either electrons or holes generated

around the p-i or n-i interfaces will drift under a uniform electric field F, and induce a

transient photocur'rent. By analyzing the shape of this induced photocurrent, the drift

mobility and the lifetime of electrons or holes can be determined.

For such pulsed-bias measurements, it should be noted that ; (a) The length of the

bias pulse should be adjusted to be longer than the transit time of carriers and its repetition

period should be larger than the dielectric relaxation time of the amorphous silicon, which

' . is ~ 100 l.tsec.[20] (b) The intensity of the light should be small enough so that the external

electric field will not be disturbed by the generated charges. When the light intensity is too

" high, the classical space charge limited current transient is observed with its characteristic

cusp at the arrival time of the leading edge of the charges at the collecting contact.[21]
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Fig. 3.4 A schematic diagram of experimental setup for time-of-flight measurement. Dye
: laser is pumped by N2 laser and produces light with the wave length 500 - 6()0

rim.

Since the electron transport is not dispersive at room temperature, the electron

photocurrent is easier to analyze than that of the holes. Drift mobility is determined by

measuring the transit time of carriers from one contact to the other. Because of carrier

diffusion, the transit time is usually determined at the half value of maximum current



intensity before decreasing as shown in Fig. 3.5. The average drift velocity is constant

because the electric field is constant so the transit time is simply

tt = -0_= =
ve g F la Va

Fig. 3.5 shows the electron time-of-flight data measured from a 27 lam thick pin

detector under three different biases. The electron transit times ru-emarked by arrows.

The lifetime is determined by the rate of charge loss 'by trapping during the transit.

If we assume No is the total generated charge, the remaining charge after time t is simply

expressed by the following equation using the definition of lifetime %i.
t

N(t) = No e"% i

Under the constant electric field, F = Va/d, the induced photocurrent is

Iind(t) = q N(t) la F = q No e" t/-c;la Va
d d2

The lifetime is usually estimated indirectly by the integrN mode given by

100 --'-r- _ , _.... _- i 1 -''¢ .... ! ' -"[_' 1 ' 1 ......'
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_ 20 QglOI_QOOg_'.I...,.............. _" - •
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Fig. 3.5 Electron time-of-flight data for a 27 lain thick a-Si:H pin diode.
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Q(tt) = lind(t) dt = Qo tt

where Qo is qNo and the transit time tt is

tt= d2
Va

The above equation is called the Hecht equation.[22] Fig. 3.6 shows a plot of the measured

integrated charge and a ctu've fit to the above equation to obtain the lifetime of electrons.

Holes have a very dispersive transport so the concept of drift mobility is less well

defined. However the effective transit time of holes from one contact to another can be

defined by an intersection point of two slopes in log(I)-log(t) plot of hole photocurrent

based on the dispersion model of Scher and Montroll.[23] In the model the transport is

characterized by two slopes of (1-o0 and (1+o0 where o_is called the dispersion parameter,

and is given by o_= '/'/TOwhere T is the temperature in degree Kelvin and To is the inverse

of the slope of the log of the density of valence-band tail states divided by the Boltzmann

constant.J24]

l O0 , w......-, i ' _ _ i ' I -_ I.........' |
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Bias (V)

Fig. 3.6 Collected electron charges versus detector bias for a 27 _tm thick pin diode.



Fig. 3.7 shows a typical hole transient photocurrent shape. The measured ot of our

sample diodes are in the range of 0.5 ~ 0.6 at room temperature which is equivalent to the

valence-band tail state width 40 ~ 50 meV, The lifetime of holes is also found from the

Hecht equation. Fig. 3.8 shows the hole charge collection as a function of bias. Table 3.1

. shows a list of measured parameters from sample diodes. From sample to sample in the

same batch of diodes, data points have a fluctuation of- 10 % including the measurement

error.

100 '...... ' ' '' _ ''7 , ...... _ ...., , , ,,,

Bias=
• 200 V

_ 10 = A 300 V
A " • 400 V

A 'la I
I

a. 1 -

= Slope = 1 - ct

# , ,\
Hl

1 10 100

Time (gsec)

Fig. 3.7 Hole time-of-flight data for a 27 gm thick a-Si:H pin diode.
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Fig. 3.8 Collected hole charges versus detector bias for a 27 l.tm thick a-Si:H pin diode.

Table 3.1 Material parameters of a-Si:H pin diodes

Thickness (ltrn) 5 12 12 27 28 48
II iiiiii

Type* n-i-p n-i-p p-i-n p-i-n n-i-p n-i-p
, ,', i , ,, ,,, , ,,,,

Maker LBl., Xerox GSI GSI Xerox GSI
,,,,,,_, _"-'_' " "'" - " 'L'... '" ...

lte (cm2/Vsec) 1.0 1.1 1.2 1.2 1.4 0.6**
' ""' ., 1 ,, ,. i j i ,

xe(sec) lx10 -7 1.3x 10-7 9.1x10 -8 8.1x10 -8 8.7x10 -8 lx10 -7
' ' , , - , ,• ,,, i ,,,, ,,,,, i ,

h

gh (cm2/Vsec) 0.003 0.004 0.005 0.004 0.0035 0.003
,,, , ,,,,i , ,, ,,,, _ ,,,

1:h (sec) 1.0 x 10.6 4.0 x 10.6 2.5 x 10.6 3.0 x 10.6 7.7 x 10.6 < 1 x 10.7

Nd* (1014/cre) 7 6 7 7 6.5 7
-- ' " , -- ,,,,,, __ _ ..... : .L

* Type means the deposition sequence starting from the ffi'st layer on the scbstrate.

** Data has not been verified and not used for averaging.
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3.5 Calculation Results and Measurements

3.5.1 Calculation Results

For calculations of charge collection efficiency we took the average values of

measured parameters; ge = 1.2 cm2/Vsec, gh = 0.004 cm2/Vsec, Xe= 9 x 10-8 see, Xh = 3

x 10-6 sec, Nd*= 7 x 1014/cre 3. Here we considered two cases of thick detector structure •

(a) plain p-i-n detectors, and (b) multi-buried-layer detectors.

(1) Plain p-i-n _tetectQrs : Fig. 3.9 shows the calculated electric field distribution in a 70

I.tm thick pin diode using the two-region approximation. Two values of dangling bond

density 3 x 1014/cre3 and 7 x 1014/cm 3 are assumed. By reducing the dangling bond

density the depletion region and thus charge collection efficiency increase and peak field

drops by a factor the square root of the ratio of the decrease in dangling bond density.

nu6 _'-'---r----7- ' I _ i ' r _ 1 r----V---r'--1

£2''.--

10 - ", ,. ".,
t N

t

.-_ Bias and Ndkt..,

'_ 104 25 V/_tFFI> 1014 ',
fi'j .... 20 V/_m 3 x cm 3 '

...... 25 V/_m 1014 i
20 V/lain > 7 x cm 3 t

I

103 -__--_l____.___.__,N_.t._____._t___._._____ ; .....

0 10 20 30 40 50 60 70

Distance from p-i contact (_m)

Fig. 3.9 Electric field in i-layer of a-Si:H pin diode calculated for two different biases
and densities of ionized dangling bonds.
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Fig. 3.10 shows the calculated charge collection efficiency in the uniform

generation case for diodes of thicknesses up to 50 gm as a function of the bias at a shaping

time of 1 gsec. Fig. 3.11 shows the calculated charge collection efficiency for a-Si:H pin

diodes as a function of the shaping time at three different biases. The applied biases are

normalized to the detector thickness to keep the same depletion parameter Y. Fig. 3.12

shows the calculated output signal pulse shape of CR-(RC) n shaping amplifier with n = 1 ~

4 at a shaping time of 1 gsec.

1 _ , , I ' _ I ," , ---q , 7 I ' '

0.8 '/ / .--
•_ 0.6 I-'l / -''"

'= 0.4 _ / // .'" ... " ---101.tm

l/ / ,-" --
e lt / // .'" ,.''" -,- 30gm .

0.2 1[///..... ..... 40 l.tm
_-I/,/::. - .... 50gm "

0 LZ_L_2___-__-_,._--Z______.___z______..____.

0 300 600 900 1200 1500

Bias (V)

Fig. 3.10 Calculated charge collection efficiency in detectors of the thickness up to 50 gm
at a fixed shaping time of 1 p.sec.
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Fig. 3.11 Calculated charge collection efficiency in a-Si:H pin detectors as a function of
shaping time for three different biases, n = 1 was used.
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Fig. 3.12 Calculated output signal pulse shapes of CR-(RC)n shaping amplifier with n = 1
~ 4 at 1 gsec shaping time and a full depletion bias (Y = 1).
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(2) Multi-Buri_d,L_yer Structure • In order to reduce the bias necessary to deplete thick

detectors either the ionized dangling bond density should be reduced by improving the

deposition technique or the slightly n-type intrinsic layer can be compensated by doping

borons with an equal density to that of dangling bonds. Better control can be achieved by

deposition of thin slightly doped p-layers in the i-layer.

Fig. 3.13 shows a schematic picture of the electric field configuration in 50 _tm

thick detectors with and without an inserted p-layer in the middle of the i-layer. In the latter

scheme the bias required to deplete the total i-layer is decreased by a factor of two if the

buried middle p-layer builds negative space charges which compensate the positive charges

of ionized dangling bonds in the second half of the i-layer. This can be done by controlling

the thickness and doping level of the buried layer by changing the B2H6 gas concentration

in SIH4.[25] This scheme also reduces the peak electric field at p-i contact by the same

factor. Inserting more buried p-layers can reduce the depletion bias further.

6 .... , I , i , i ' i , --

_ .,..,.

-.. -- o-- pin detector -

"4 - "-.. -_pipin detector _

_ 3 - "'-. _

N 2 _

n

. :7 _ _ L_ [ "ZT.I _i 1 ,' 1 , 'I ,"

0 10 20 30 40 50

Distance (I.tm)

Fig. 3.13 Calculated electric field of 50 I.tm pin and buried pipin detectors under the
reverse bias of 1400 V and 700 V respectively. Insertion is a schematic of pipin
detector structure. Assumed ionized dangling bond density is 7 x 1014/cre 3.
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A calculation of the electron collection efficiency in a multi-buried-layer detector is

given in Appendix B. Since holes have very low mobility and the detectors of interest are

thick (> 50 I.tm), the hole collection efficiency is neglected. Fig. 3.14 shows the electron

collection efficiency as a function of the number of buried p-layers in a 50 ktm thick

. detector with bias of 675 V, which could only deplete a 35 }zmthick plain pin detector.

m 74 ns 37 ns 34 ns 33 ns 32 ns
1

._ 0.8

= 0.6O

o.4

_ O.2

0

" 0 I 2 3 4 5

Number of Buried p-layers

Fig. 3.14 Calculated electron collection efficiency as a function of the number of the
buried p-layers in a 50 l.tm thick detector at a fixed bias of 675 V. The number
above the bar is the transit time.
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3.5.2 Signal Measurements

(1) Simulation by Light SourCes •

In order to simulate the charge collection process, light sources (LED or laser) with

two wavelengths are used. LED light with a wavelength of 760 nm has a long mean free

path (1/c_ = ~ 100 I.tm) so it can simulate the uniform generation case, and 510 nm laser

light simulates the surface generation case because of its short mean free path ~ 0.2 t.tm.

Fig. 3.15 and Fig. 3.16 show the measured data points of the collection efficiency

for a 760 nm light source on a 27 t.tm thick sample diode as a function of the bias and of the _

shaping time together with the calculated values using the equations derived in section 3.2.

Fig. 3.17 shows the measured collection efficiency for510 nm light incident on the same

sample. In the case of n,side illumination, the hole signal is zero until the full depletion

bias, 350 V for this sample, is applied as explained in the section 3.3.2.

1 _ I ' '1 ' I ' I ' I ' [ r--'--

• 760 nm (e & h)

0.8 Total __'-_

- - - Electron /.4 '''f
= ..... Hol

•_ 0.6

O
•= 0.4

0.2

0 "_.:..£a_.. I , I_ , I __ 1 I I _ 1 _ ...

0 100 200 300 400 500 600 700

Bias (V)

Fig. 3.15 Collection efficiency vs bias of a 27 btm thick sample for 760 nm light. Dots are
measured data and lines are calculation results. Shaping time used is 9 gsec.
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Fig. 3.16 Collection efficiency vs shaping time of a 27 _tm thick sample for 760 nm light.
Dots are measured data and lines are calculation results. Applied bias is 600V.
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: Fig. 3.17 Collection efficiency of electrons and holes in the cases of surface generation
for a 27 gm thick sample. Dots are measured data from 510 nm laser light and
lines are calculation results.
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(2) Nlinimllm lgnizing Beta Particle Measureme!!I.:

In Fig. 3.18 we show the measured signal produced by 1 MeV betas from Sr90

incident on a 27 I.tm thick diode. Since the sample diodes produce larger noise than the

signal due to the large capacity of the contact area, the signals produced were measured by

a pulse averaging method, lt has been reported.[14] 1 MeV electrons have a range of ~ 230

I.tmin crystalline silicon [26] and AE (=dE/dx) is ~ 300 eV/I.tm, soit can be considered as a

uniform generation case. Calculation used the measured parameters for this sample and the

result fits well to the measured data.

.... w I ' 1 t I J I t 1 ' I
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0.8 - - Calculation _._ -

• •

._ 0.6
e

o 0.4

,,.,-w

l ,,,,-w

0.2

I0 :-R__ t I _t__ t I I ___._t_ , 1 l ....

0 100 200 300 400 500 600 700

Bias (V)

Fig. 3.18 Signal collection efficiency produced by 1 MeV betas from Sr9Oincident on a
diode of thickness 27 I.tm. Shaping time used was 2.5 I.tsec.
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3.6 Discussion

The analytical form of the charge collection efficiency derived based on several

assumptions fits very well to the measurements of uniform generation and surface

. generation cases simulated by various wave length light and minimum ionizing beta

particles.

The implication of these calculations and measurements is that a-Si:H pin detectors

of thickness less than 5 I.tmcan collect almost 'ali the electrons and holes at a shaping time

of 1 gsec. The measured charge collection in a 27 I.tm thick detector were 95 % of the

electrons at a shaping time less than 0.2 lasec and 70 % of' the holes at 5 l.tsec, agreed well

with the calculation results. The calculation showed that a 50 gm thick detector can collect

90 % of the electrons at 20 nsec and 25 % of the holes at 5 _tsec at the full depletion bias.

The latter is equivalent to -- 60 e-h pairs/gin or ~ 3000 electrons combining the W-value of

5 eV. Calculation also shows that detectors with different thickness have the equal charge

collection efficiency as long as the bias is applie_t to keep the same depletion thickness.

Thicker detectors require a larger' bias to deplete the whole i-layer. Because of this,

the diodes have a very high peak field at the p-i junction which can cause the breakdown

[27]. This breakdown as well as stress set a practical limit in making thick detectors. A

multi buried layer scheme can reduce the high peak field problem. Calculations showed that

the more p-layers are inserted, the higher collection efficiency is achieved at a same bias.

However more than three inserted p-layers do not give larger benefits.

" Another way of solving the high peak field problem due to large bias is to make the

sample with lower dangling bond densities. Reduction it, the dangling bond density by a

factor of 2 can yield in a drop of the peak field to 70 % and an improvement of charge

collection efficiency by 40 % in a 50 _tm thick detector.
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Chapter 4 Electronic Noise in a.Si:H Detectors

4.1 Introduction

t,

The sensitivity of detection and resolution of the radiation ianage is limited by the total noise

of the detection system which consists of two components combining in quadrature,

statistical noise, Nsta, and system noise, Nsys. (Noise in a radiation detection system is

most conveniently expressed in unit of electrons in order to compare directly with the signal

charge, Ssig.)

N?ot N2 Ns2ys= sta +

The statistical noise, Nsta, is due to a statistical fluctuation in the number of

electron-hole pairs produced by the interaction in the radiation detector. The interaction

follows a modified Poisson statistics and its variance is proportional to the signal charge,

Ssig, the average number of e-h pairs collected. The statistical noise may be expressed as

N2sta= F x Ssig

where F is called the Fano factor [1], and is defined as the ratio of the observed variance to

the theoretical variance in the charge generation process. F is usually less than unity due to

the fact that the charge generation is not purely random, for example, F _-0.1 for Si and F

.--,0.06 for Ge.[2] The importance of the statistical noise decreases as the signal size

increases because the signal to noise ratio is inversely proportional to the square root of the

signal size.

The system noise, Nsys, originates from the detector and the signal-pulse-

processing electronics, such as the preamplifier, shaping amplifier, ADC etc. Since the

detector and the front-end stage of the preamplifier are the main contributors to the overall

system noise, this noise can be rewritten as

N2ys = N2et + Na2p (4.1)

An accurate formulation of the electronic noise sources is very. important in the design of

low noise radiation detection system with high sensitivity and large signal-to-noise ratio.
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The electronic noise from reverse-biased a-Si:H pin diodes and a-Si:H and poly-silicon

thin-f'tlm-transistors will be discussed in this Chapter. The equivalent noise charge from a-

Si:H pin detectors will be measured and analyzed to obtain readily-usable expressions of

detector noise components for the optimum design of large-area pixel detector systems.

4.2 Noise of a.Si:H Detectors

Amorphous silicon radiation detectors are reverse-biased pin diodes or Schottky

diodes in which the i-layer is slightly n-type. Therefore it behaves like p-n junction diodes.

However, because of the high density of gap states, the reverse current and noise

characteristics are quite different form those of crystalline silicon p-n diodes.

4.2.1 Reverse Current in a-Si:H pin Diode

In crystalline p-n junction diodes or Schottky-barrier diodes at low to moderate bias

the current is

I(V) = IR(V)[exp(qV/kT)- 1]

where V is the applied bias and lR(V) is the reverse saturation current which is a weak

function of the bias. Under reverse bias IWl>> kT/q, the current becomes - IR(V). The

reverse saturation current IR has two sources; (a) barrier injection and (b) thermal

generation in the depleted region. Sometimes in a poor diode extra current due to surface

leakage is observed.

In the ideal semiconductor diode without the generation, IR is constant and is purely

" due to the barrier injection, which is calculated by diffusion theory in a p-n junction diode

: [3] and by thermionic emission-diffusion theory in a Schottky diode.[4] However, in most

crystalline diodes the thermal generation of electrons and holes in the depleted region is the

dominant current source under reverse bias condition. With a single-level recombination

2-
i
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center, IR has been calculated by Sah et al.,[5] using the Shockley-Read-Hall (SRH)

model,J6] to be proportional to _"_ under reverse bias.

We shall make several assumptions for modelling the I-V characteristics in a reverse

biased thic_: a-Si:H pin diode. These are; (a) metal to n- and p-layer contacts make good
/

oh,. iii i.!.... cor_aacts tor the majority carriers and blocking contacts for the minority carriers. (b)
j ,,0

the i-n interface isa good ohmic contact for electrons. (c) the minority carrier density in

both p- and n- layers are totally negligible. These assumptions are generally' acceptable

because the n- and p-layers are heavily doped and quite thin. (d) Direct generation from the

valence band to the conduction band is neglected because of the large band gap energy of a-

Si. Finally, (e) the most important interface is the p-i contact, and we shall consider the p-

layer as a metal layer which makes an effective Schottky contact to the i-layer in terms of

electron injection.

In most conditions of operation at reverse bias, the reverse current is due to the

generation of charge carriers in the bulk i-layer and to injection of electrons at the p-i

interface through multi-step tunneling, called hopping. Fig. 4.1 is a schematic of the band

structure of a reverse-biased pin diodes showing two current sources.

,, ,, ,,,

metal p-layer i-layer

Fig. 4.1 Two sources of current in reverse-biased a-Si:H pin diodes. (1) Electron-hole
pair generation through a mid-gap state and (2) electron tunneling injection from
the p-i interface through multistep hopping.

64



(1) Bulk Gener'a_ion Curr.g_ •

The generation-recombination rate is usually calculated by the SRH model, Under

reverse bias, recombination is usually negligible compared to generation because of low
I,

free carrier densities in the space charge region. The thermal generation rate from a single

. recombination center is given by

eo = COoexp[- (Ec- Etl/kT] (4.2)

where Ec and Et are respectively the energy level of the conduction band edge and of a
J

recombination center (also called a generation center). The emission rate prefactor COois

_:ypically 1012 ~ 1013 sec -1 in a-Si:H.[7] The total generation current from distributed

recombination centers in the bulk i-layer, IBG,may be obtained from the following integral,

cISG = q A J]o dx N(E,x) ft(E,Ef,x) eo(E,x) dEV

where A is the contact area, d is the thickness of the i-layer. N(E,x) is the density of

recombination centers per unit volume at x and per unit energy at E, and ft is the occupation

probability of the recombination center (i.e., the Fermi distribution function). In order to

generate an equal number of electrons and holes, tile Fermi energy is close to halfway

between the valence and conduction band edges. Carrier emission is only significant from

recombination centers within kT of the Fermi energy level, so the current can be written

approximately as

N(E,x) ft(El dE = Nt kT
f- kT

• Therefore the above equation becomes

fo• IB¢3= q A Nt(x) kT COoexp[-Ei(x)/kT] dx

where Nt(x) is the density of states near the Fermi energy level and El(x) is the thermal

barrier (= Ec - Ef = Ec - Etl. The above equation depends on the x variable only and is easy

to apply to non uniform generation cases such as highly reverse biased a-Si:H pin diodes.
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If the recombination centers are uniformly distributed in space, the bulk generation

current is given by

IBG -- q A d Nt kT COoexp[- El/kT] - q A d Nt kT eTn --- ITH (4.3)

where eTH is file thermal emission rate from the Fermi energy level.

This simple result has been applied by Street,[7] to explain the dark reverse current

(--10"12 Amp/cre 2) in thin, good-quality a-Si:H photodiodes (< 1 gin), and it results in a

good approximation to the data at low bias. However, for thick detector diodes with high

reverse bias, the strong non-uniform electric field in the depleted region enhances the

emission of electrons and holes significantly. Therefore a position dependent, field

enhanced emission rate should be used. Possible sources of field enhanced emission are;

(a) the Poole-Frenkel effect,J8] (b) tunneling [9] and (c) phonon assisted tunneling. [9]

These effects are shown schematically irl Fig. 4.2.

No electric Field Electric Field
%

Condu.ction Band ....... f .......... _''""i ........ "/_"0

= _,. .+.zXE/ .......

/ tos :,I
Exci

ua

Trap Ground State ....... _.
a

._.__...._

Distance (a) (b)

Fig. 4.2 Mechanisms of electron generation from recombination centers (a) Simple
themlal generation, (b) Three effects of strong electric field; (1) Poole-Frenkel
barrier lowering, (2)phonon assisted tunneling and (3) direct tunneling.
Arrow _ represents a thermal emission process and _ represents a field
emission process.
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The Poole-Frenkel (P-F) effect, often called the internal Schottky effect, is the field-

enhancement of thermal emission from localized states to the conduction states due to

barrier lowering. The emission rate for the case of the 1-d Coulomb potential well becomes

' epF(x) = COoexp[- (Ei - zXE)/ kT] = erH exp[ zS_E/.kT] (4.4)

where ,SE is the barrier lowering, [8] and is given by

z3,E(x) = 13pF_ (4.5)

where F(x) is the local electric field and 13pFis the Poole-Frenkel constant def'med as

13PF-= [ Iq3 _1/2 o0.022
Tunneling from localized states to the conduction band states occurs under a strong

electric field. ".Theemission rate has been theoretically calculated by Vincent [10] for the 1-d

Coulomb potential well case using the WKB approximation.[ 11]

._.u..(__u.),_//E_.v2r, _AE','_311@IU(X) 3_.E;. ,,xpI'/VJ L"IW) J/
where U is defined as

-I 3n_ )_U 14_m, x F(x) = [I.46 x 10-3F[V/I.tm]]2/3 [eV]

and h is Planck constant, m, is the effective electron mass at the trapping center, and AE is

the Poole-Frenkel barrier lowering explained previously. The value given is an estimated U

for m, = rne. For the trap states with a thermal barrier E i ~ 0.9 eV, a comparison of epF and

eTU as a function of electric field F in Fig. 4.3 shows that eTUis negligible in the fried range

of interest.

Similar arguments show that phonon-assisted tunneling is also negligible. At very

• low temperatures, however, tunneling may become important. See Appendix C for tille

numerical expression.

Therefore th_ bulk generation current is essentially only from Poole-Frenkel

emission in the depleted region, or

f; foIBG = q A kT Ni(x) epF(x) dx = ITH exp[(13pFF_x))/kT ] dx (4.6)d
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Fig. 4.3 Calculated emission rates of Poole-Frenkel emission and tunneling from a
Coulomb potential well with a 0.9 eV barrier height at room temperature.

Using the electric field F(x) calculated in Chapter 3 for both partial and full

depletion cases and assuming Nt(x) is independent of x in depleted region and zero

elsewhere, IBGcan be expressed as

_ ITH2kT "_o exp[(13r,F'/F'o)/kT]
d 131,1:P

where Fo is the peak electric field at the p-i junctior (x = 0), Frn is the minimum electric

field and p is the slope of the electric field in the deep depletion region given by equation

(3.1) in Chapter 3. For the partial depletion case (Y < 1) from equation (3.3)

Fo = _2 p Va, F m = 0 (4.7)

and for the full depletion case (Y > 1) from equation (3.4)

Fo = 2 pVa +_pd Fm _ 2 pVa p d (4.8)
d 2, d 2
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(2) !n_'tection_Current"

The injection current is determined primarily by electron injection through the p-i

, interface. Hole injection from the n-layer to the i-layer is negligible both because of the low

electric field at the i-n interface and because of the low hole mobility and density.
,,

" Doped amorphous silicon has a large number of defect Statesl almost equal to the

active dopant density according to Street's doping model,[12] and the p-i interface has a

number of gap states equal to or even larger than the p-layer itself. Because of this large

density of gap states, electrons in the valence band of the p-layer are injected into the

conduction band of the i-layer near the p-i interface through multistep hopping processes

followed by one of the emission processes described previously. However the barrier

height in the p-layer at the p-i interface is -. 1.3 eV, the energy difference between its Fermi

level and the conduction band. Therefore the contribution of barrier injection to the reverse

current is negligible compared to that from bulk generation.

At a very high reverse bias, with a p..i interface peak field Fo _ 50 V/I.tm, the

reverse current and noise increase abruptly. This phenomenon is often called micro-

breakdown and is reversible. The bias point of micro-breakdown varies from sample to

sample and its origin is not clearly understood, lt may be attributed to strong injection of

electrons ft'ore the p-i interface to the i-layer, enhanced by a local high field due to dust

panicles on the substrate or geometric irregularities at the p-i interface. In a-Si'H pin

diodes, the operating bias level is usually set below the point where micro-breakdown

Occurs.

If we neglect the injection current, then the net reverse current is equal to the bulk

• generation current and it is

IR(Va) = IBG =ITH 2kT fifo" exp[(_pF'(-_o)/kT] (4.9)
d _PF 9

where Fo is given by the equations (4.7) and (4.8) for the partial depletion and the full

" depletion cases respectively.
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4.2.2 Noise Generation in a.Si:H pin Diode

In a reverse-biased a-Si:H pin diode we can expect three types of noise; (1) Shot

noise, (2) G-R noise and (3) 1/f noise. i

(1)_hot Noise

Shot noise is always associated with a direct current flow and is present in diodes

and bipolar transistors. The passage of carriers across a p-n or Schottky junction is a purely

random event and is independent of the number of carriers and the velocity component

directed toward the junction. In ideal p-n junction diodes or Schottky diodes without

generation-recombination, injection is the only current source and it is the source of shot

noise. The shot-noise-current spectral power Sshot is white, that is frequency independent,

and is given by

Sshot(f) = -<_h°t> = 2q lR (4.10)Af

Its derivation is given in Appendix D.

In an a-Si:H diode it is due to the random fluctuation of the injected electrons or

holes through the p- or n- barrier. Shot noise in reverse biased a-Si:H pin diodes can be

calculated without any approximation using the above equation.

(2) Generation-Recombination Noise (G-.RNoise)

When there is a generation-recombination process, for example,

electron + empty trap +o filled trap

the spectral noise power due to generation-recombination has a Lorentzian shape [13] given
,,i

by

Sgr(f) - <i2> = 4 ANt2 "r
Af 1 + c02"t"2 (4.11)
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where co is 2tfr, ANr is the fluctuation of the total number of electrons in recombination

centers in the device and 'r is the characteristic g-r time constant related to tile characteristic

frequency fo = 1/(2_;'_). The noise spectrum becomes white at frequencies lower than fo

and becomes proportional to 1/f2 at higher frequencies. Typically the characteristic

frequency is very low and the trap density can be reduced to a negligible level. As

described in the previous section, g-r noise is not significant in c-Si diodes.

In an a-Si:H pin diode under a reverse-bias condition, electrons and holes are

generated in the bulk i-layer through recombination centers existing around the quasi Fermi

energy level. This process yields generation-recombination noise (g-r noise) with

magnitude proportional to the recombination center density and with a characteristic

frequency related to the emission rate eo (=l/'r) by

1 = l__!__eofo =2n'r 2_:

For a Fermi energy level Ef located --.0.9 eV below the conduction band mobility edge in

the depleted region of intrinsic a-Si:H, the characteristic frequency due to thermal

generation is ~ 10-3 Hz (calculated from the equation (4.2) assuming COoto be 1012 sec-1).

Even with the generation assisted by the PoNe-Frenkel effect, the characteristic frequency

will reach only ~ 1Hz for an electric field, F, of ~ 50 V/gin (calculated from the equation

(4.3)). Therefore the g-r noise is negligible compared to shot noise in the frequency range
c

of interest in the radiation detection applications where a typical pulse shaping time is ~

gsec, correspondingly to a frequency ~ MHz.

(3)flZLN_02

° According to A. van der Ziel,[ 14] "Flicker noise was discovered by Johnson in
_

vacuum tubes in 1925 and interpreted by Schottky. in 1926 .... Later flicker noise was

found in a great variety of other components and devices. Because the spectrum varies as

1/./"t_, with _ close to unity, one often uses the name 1/f noise."
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The physical origin of 1/f noise can be from various sources. In electronic devices,
i

1/f noise comes from fluctuations of any electronic quantity having a wide range of

characteristic time constants. In c-Si p-n diodes and Schottky diodes, 1/f (flicker)noise is

often observed at very low fi,_quency, and is attributed to fluctuations of the surface

recombination velocity. The 1/f noise in c-Si photodiodes is often reduced using a guard

ring structure which reduces the effective recombination surface area of the space charge

region.

In general two distinct models have been invoked to explain the origin of 1/f noise

in semiconductors; (a) a mobility fluctuation model [15] and a number ftuctuation model

[16]

_a) MQbili_ fluctuatiQn model • Fluctuations of bulk mobility due to lattice scattering have

been suggested as a source of 1/f noise based on Hooge's empirical observations in various

resistive devices.[ 17]
SI(f) Sgr(f) 1 ,

where N is the total number of charge caniers in the device and O_His a proportionality

constant called Hooge's constant. It has a value of ..-2 x 10-3.The observed aM agrees with

the above value in resistive devices and long p-n diodes.[18] However for short devices

such as FETs and BJTs,o_His orders of magnitude smaller (10.6 ~ 10-8).[19-20]

(b) Number fluctuati0n model •This model was originally suggested by McWhorter [16] to

explain 1/f noise observed in MOS structures. According to the model, 1/f noise originates

from trapping and detrapping of charges in the oxide layer near the Si-SiO2 interface.

Depending on the spatial distribution of traps in the oxide, the tunneling mechanism can

have a wide range of characteristic time constants. This model can be extended to bulk-

originated 1/f noise when there are traps having a wide distribution of emission time

constants.
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However as pointed by Klaassen,[21 ] the two models are not contradictory to each

other, and total noise may be obtained by adding both together. If the dc current for an

ohmic sample is

' I = q BNF_
d

. where N is the total number of charge carriers, d is the thickness of the sample, and F is the

electric field, then the fluctuation of the current is given by

AI = _AN + _Abt = AN + Abi

therefore

12 N2 1.1.2

Typically one of two sources of fluctuation is dominant in most devices.

The I/f noise of a-Si:H devices has been reported in many cases of ohmic (n-i-n)

and Schottky diodes. The reported 1/f noise generally follows a relationship to frequency

and dc current given by
.9

" Slit(f) = _-= Kf L_ (4.12)
Af icl

where Kf is a proportionality constant and is a function of the device structure and the

: geometry, a is on the order of I, and 13tends to range between 1 and 2. Measured values

of ct and [5that has been reported are listed in Table 4.1.
-

- The most probable and reasonable origin of 1/f noise in a-Si:H pin diodes is from

the transport characteristics of electrons and holes. Because of its intrinsic amorphous

structure the large number of defect states in the material can have a wide range of time
_

- . constants. As explained in Chapter 2, the conduction and valence bands of a-Si:H have

- broad tails that extend into the gap. Carriers drift under the electric field with mobilities_

depending on their energy states, so the density and the mobilities are not separable.

"l'herefore fluctuations in mobility and density are also not separable.
Z'
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Table 4. l The coefficient o_and 13for various amorphous silicon devices

....... :22. I_1 li lr ' : ._ -;L.: ................. Jill 11 I | li ...........

..... Sample Author* 0_ [3
2:2: : : '1 L 1 . .I II ._ LIII ._.. _[ ...... ]k_L,. J.: [ II

non-hydrogenated a-Si film A. D'Amico I ~ I2 -
_ i ,|_ i,+ , ..... ,v._ i ., ! III . I, ":, . " : . .

intrinsic a-Si:H film F.Z. Bathaei 03 ~ 1.1 - 2 .
.......... i.i iiii ii, i ..... . i : .

n-type a-Si:H film C, Parman ~ 1 1 ~ 2.5
...... , ,,,,,,,i| :: :. ,,,. i, H

. p-type a-Si:H film W. K, Choi 1 ~ 1,5 -
i it i i ........................... .

a-Si:H Schottky (forward) F.Z. Bathaei ~ 1 1 ~ 2L i tj , H, ,, , ...... _ .lt ,. : .. : ........

a-Si:H S_(reverse) .... F, Z. Bathaei - - 0.33 ......

ia-SigH p!n,.diode (reverse) G- Cho ~ 1 --2
* Data are from references [22 ~ 27].

+ Electron Energy (eV)
: /\

,(- _..C _ nz" Nc / L°g(N(E)#/cm3eV)

FerrniFunction f_i.E. ' TTrappin_&/I Detrapp,ng. "-...
' ; kT.... No  xp[-E/kX]

]
i+

/ " exp[- E/kT_
= EF

Fig. 4.4 A schematic diagram of the band structure near the conduction band mobility
edge of the i-layer under reverse bias, showing the noise generation process due

-- to trapping and detrapping of free electrons by shallow band-tail states.
-
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Also as explained in Chapter 2, at temperature higher than the transition temperature

between drift and hopping conduction, the multi-trapping model describes the carrier
i

transport in a way that the electrons having an energy E higher than the mobility edge F__

' can move freely with the extended drift mobility la+cand electrons with energy below the

mobility edge are localized, i.e. shallow u'apped, Then there is a trapping and detrappingw

+ equilibrium between the free electrons and trapped electrons as shown in Fig. 4.4. This

will cause the fluctuation in reverse current which can yield 1/f type noise.

From the multitrapping cor_duction model, we can write

ge ntot = gc ni' (4.13)

where nwt is the sum of free and shallow trapped electron density, ni' and nt respectively,

and ge and ge are the extended state mobility and the observed average drift mobility

respectively. Then the fluctuation of ge is related to the fluctuation of nf by the following

-- relation.

i.e. the mobility fluctuation is equivalent to the number fluctuation of free electrons in a_

multitrapping conduction model.

A theory based on the number fluctuation model of l/f noise due to the fluctuations

in trapping and detrapping of free carriers to and from the band-tail states has been

suggested by Bathaei et a1.[23] This theory seems to fit well in the case of ohmic devices

-_ where electronic conduction dominates. Here we will apply the number fluctuation model
-

+ , to highly reverse biased thick a-Si:H pin detector diodes with nonunifoma field distribution

° and Poole-Frenkel generation current model.
=

j Suppose the density of conduction band states consists of two shapes as shown in

- Fig. 4.4, such as
_

N(E) = Nt(E) = No exp[(E- Eo)/kTt] E _ Eo

- N(E) = N2(E) = No exp[(E- Eo)/kT2] E _ Eo
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where Eo is .--0.14 eV below Ec.and No is the density of states at the knee ofthe band tail

states, i.e., at E = Eo,[28] The relation between No and Nc is

No = Nc exp[(Eo Ec)/kT1]
m

where Nc is the density of states (~ 1021 cm'3eV "1) at 'the conduction band mobility edge.

The free electron density nf in the Boltzmann approximation would then be usually written

as

nr= NI(El f(E)dE = No exp exp{ kT )dE

'-_ kT1 / exp_ kT ) x kT x

where 01 = T1/(T1 - T) > 1 and T1 > T at room temperature.

The total trapped electrons density nt in the region I of"the tail state is

ni = No exp[-kT1j x ex,l_] dE
,lE o

/ 01kT ]]

No01kT exp{__- /

- Similarly for the region II,

: n2 = NojE "L-"k"J'_'Jx e "pi kT J dEf

. where 02 = T2/(T - T2) > 1 and T2 < T at room temperature. Therefore the total number of

trapped electrons per unit volume is

nt = ni+n2 = No(Ol + 02)kT exp/_-_kL@-°-°)

/,It-,m r_ *.

. A physical picture for the above result is that the trapped electrons are confined within 01kT

- above the Eo level and within 02kT below the Eo level.

Then the ratio of trapped electrons to free electrons is defined as Re by
z
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Ro_n_,(1 02)°, EoEo/  414,nf _ "I0skT I

: andRe is5 ~ I0.

.it

Now let's calculate the fluctuation of free electron density. Since the total electron

" density ntot at any position is given by

ntot = nf + nt

and is constant in time under steady state, the fluctuation in the number of free electrons is

the same as the fluctuation in the number of total trapped electrons. Therefore the spectral

power of the fluctuation in the number of free electrons Snr(f) is equivalent to Snt(f).

Shf(f) = Snr(f)

If n(E)Adx is the number of trapped electrons in a volume element Adx within AE

at an energy state E which has a certain emission time constant 'r then the g-r noise theory

= gives the spectral power of An(E), similarly to the equation (4.11), such that

ASn(E)(E,f) = 4 An(E)2x
1 + C02_2

where An(E) 2 is the variance of n(E) averaged in the time domain and is given by

: An(E)2 = N(E)x f(E) {1 - f(E)} A dx AE = N(E) x f(E) A dxAE
.

whereA isthecross-sectionalareaofthepindiode.Iftheemissionoftrappedelectronsto

_ theextendedstateispurelythermionicthenfromtheequation(4.2)theemissiontime

A constant 'r is given by the following equation

'r = e_,1 = COoI cxp[(Ec-E)/kT]

- where COois ~ 1012 sec" 1.
I,

_ Then the spectral intensity of the fluctuation of the number of total trapped electrons

nt is calculated by the integral

=_ Snr(f) = ASn(E)(E,f) = Sl(f) + S2(f)
= f

_
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And using the definition of 'r and dE/d'r - kT/'r. Sl(f) is

'c NICE) f(E)x t: dESl(f) -- 4Adx o "1 + _2,_2

' f('c cxdE "Eo] exdEr- E] "r= 4AdxNo _L-_I jx rt--g_, x- dE
o 1 + c02, 2

o

"[ kT1 J 1 +m2_.2

p[E__TEO] exu[Eo-Ec] Ir r° (oo'r) l/o' d,= 4AdxNokTex x ,,[.-kTO..;.j c l+m2'r 2e

ni (mo'ro)"1/0, (m°l:)l/O' d,r
= 4 A dx _ 1 + o_2'r2

£% z.)ll0_
= 4Adx n-L ---!---- ( d't"

O1 (I-o)l/O1 c 1 + 012.2

and if we define z = co,' = (_mo) exp[(Ec - E)/kT] then

S1(f)= 4 A dx nL 1 _ A/_f_° (z)1/o_Ol (CO,o)l/-OtC l+z 2dz

where Zo = (m/mo) exp[(Ec- Eo)/kT] = 2,7 x 10"10mand Zc = (_mo) = 1 x 10-12o.

For the frequency range of interest 1 < f = ml2x < 106 Hz, Zc << zo << 1 therefore the

- integral becomes approximately

__I 7O
Sl(,f) = 4 A dx .!_a_ 1 (z)1/0_dz

= dZc

" = 4 A dx n-_J-----I L x/I_+.2__01[(co,t.o)l+ 1/01- (m't'c)l + I/0,]
_- 01 (mvo)l/O_m _ 0_ /
, = 4 A dx _---a L x{ 1 + 0,/ 1/0,
_= o_ (O_o)a/0,o _-g-, _(_°_°)1+

(,+o,/
2 = 4Adxnl x_--_12 / ro

-_ i.e. in the frequency range oi' interest, fluctuation of trapped charges in region I gives a

white noise or frequency independent noise. This is an expected result because the

_
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maximum emission time Vo(E = Eo) = 2.7 x 10-10 sec which corresponds to the

characteristic frequency ft) = 1/2r_'ro~ 600 MHz.

" Similarly, for S2(f)

" S2(f) = 4 A dx NokT '-k_J x ex o 1 + o2'r 2 d'r

= 4 A dx NokT ex ex d'r
_ o 1 + 0_2'r2-

- 4 A dx n2-(Oo'ro)l/02 (t0o'r)"1/02- d'r

02 'o 1 + o_2'r2

" = 4 A dx nj. (,ro)1/02 ( r) 1/02
02 1 + 0_2"r2 d'r

O

= 4 A dx n-9-2-2(ro'ro)l/e21 _!__ dz
02 (1 + z2) (z)1/02

where zf = (m/Mo) exp[(Ec - Ef)/kT] = 4.3 x 103m and zo = (m/Oo) exp[(Ec - Eo)/kT] = 2.7

x 10-10to. Therefore for the frequency range of interest, the maximum value of the upper

limit zf = 4.3x103 x 2x x 106 = 1.4 x 10I0 and the minimum value of the lower limit Zo =

2.7x10-10x 2x x 1 = 1.7 x 10.9.

- The integral can be calculated numerically, however, if slope of the deep tail states

in region II is very rapid, i.e. T2 << T or 02 >> 1, the realistic value of 1/02 approaches to

zero. Therefore the above equation becomes approximately

-_ , fzor
_LI 1 dzS2(f) = 4 A dx n__.2_

02co (I +z2)
=

- = 4 A dx 0___.n21[tan'l(0_:f)-tan-l(o)'ro)]

" = 4 A dx n-g-21 [__ 0]_ 02-.-_

_11exdE_- Eot 1 A dx nf= = A dx nf 1_0--__lx _- _ f Ze (4.15)

=
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using the ratio of n2 to nf which is given by

__ oxr e2
The above equation shows 1/f dependency in the frequency domain, and the fluctuations of

li

the number of free carriers with the interaction of the deep band-tail states in region II is the

source of 1/f noise in the amorphous silicon diode under reverse bias.

At the limit of 02 close to a unity then the integral becomes

S2(f) -_ 4Adx n-_-2'ro 1 dz
02 (1 + z2)z

11+z}
If f approaches zero, S2(f) becomes

- S2(f) = 4 A dx n-2,-'ro _ = const
" 02 kT

__ and if f approaches to ,,o,S2(f) becomes to zero.

Between the two extremes of 02, _ and 1, S2(f) has a frequency dependency of a

factor 0_which is a function of 02 and is normally less than 1 in this model.

S2(f) = A dx n---2-2x A.___a fmin -<f <- fmax (4.16)
02 fa

where Act is the norma.iization constant given by

_ A,_(f)= (1- c_)02
1-0.

which is calculated by

frm.x- A dx n2 = S2(_ df
./fmin

-: (a) Case • e_= 1

Now let's calculate the fluctuation in the reverse current using S2(f) in the case of (z

- = 1 given by the equation (4.15).

Since the electron current is expressed by

- Ie(x) = q A l.tcF(x) nf(x) (4.17)

the noise current power due to the fluctuation of the free elecu'on density at position x is
-
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kSi-e(x) = (q lte F(x)) 2d x S2(x)

=(qBc F(x); x ntr(x)A dxxz e

_ q Ze c F(x) x q i.tcF(x) nf(x) A dx
d2 f

II

Using the equation (4.17), ASi.e(X) becomes

: ASi.e(X) = --q- x Ze }.tcF(x) le(x) dx
- d 2 f

Then the resultant noise current power in the external circuit due to fluctuations of

total electrons in the i-layer is

fo fo= q x Ze_ F(x) Ie(x) dx
- SI-e = ASi-e(X) d2-----_

The integral can be calculated analytically using the Poole-Frenkel current equation derived

_: in the previous section given by an equation similar to the equation (4.6),

f;- le(x) = I___ exp[(13p_)/kT] dx'
d

1:inallyusinganapproximationsimilartothatusedincalculatingthePoole-Frcnkelcurrent,

td ex'

SI-e =q Ze_x ITHI F(x) l exp[([SpF_)] dx' dx= d2f d dO JO

= qZeltc x F_
_= d2 f _--_-x IR

where ltc can be rewritten with lte by the equation (4.13), which is a measurable quantity

from transient photoconductivity or time-of-flight measurement.
nf + nt- ntot = lt e = lte(1 +Re)}.tc = lte nf nf

-

=_- where Reis the ratio of the trapped electrons to the free electrons given by the equation

(4.14).

By a similar calculation the noise current power due to hole fluctuation is

Ioq x Zh lav F(x) Ih(x) dx
- SI-h = d2----7

_- where Zh iS similarly defined for holes, and lav is the extended state hole mobility.
"-z
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Since the hole current density in depleted region Ih(x), can be rewritten by

lh(X)= IR- le(x)

SI-hbecomes

ISo'S:] "SI.la = q Zh gtr x lR F(x) dx - F(x) h(x) dx
d2f

( -__ qZhkt_VXlRX Va-2F--_-)d2 f

Finally the total noise current power of the 1/f noise component in an a-Si:H pin diode is
r

q IR
X[Zh }.l.v Va+ (Ze _.l.c- Zh }.l,v)_J (4.18)S 1/f = _qI-e+ SI.h = d2-_

(b)Case'ct_<1

Forthegeneralcaseofct.__.I,we mustmultiplyActandreplacefwithfu.Then itcanbe

writteninaformgivenbytheequation(4.12)

<i211f>
II

S1/f(f) = = Kf I_- (4.12)
Af

where Kf, ct and 13can be numerically determined.

Then the total noise current power Sdet(f) of a reverse-biased a-Si:H pin diode is a
?

sum of Sshot(f)and Sl/frf), from the above equation and the equation (4.10),

IBSdct(f) = <i2> = Sshot(f) + Sur(f) = 2 q IR + Kf "--KR (4.19)
Af fu



4.3 Noise of Thin.Film.Transistor Amplifiers

In a proposed a-Si:H pixel radiation detector-amplifier system, the front-end stage

• of signal processing electronics are made of a-Si:H or poly-Si Tb_s. Since the front-end

TFr of the preamplifier system has the dominant contribution to the noise of the total
,iw

system noise, noise characteristics of individual TFTs with other basic characteristics are

measured and analyzed in this section.

4.3.1 a-Si:H and poly.Si TFTs

Hydrogenated amorphous and poly-silicon thin-film-transistors (TFFs) are at
z

present widely used as a read-out circuit for linear image sensors [29] and as driving

= circuits of liquid crystal display devices where TFTs operate as switching elements. An

operational-amplifier has been made out of poly-Si TFTs by Lewis,[30] however, the

linear properties of both a-Si:H and poly-Si TFTs are yet in question for realistic

- applications. In this section we will show some basic properties as well as noise

= characteristics of a-Si:H and poly-Si TFTs currently available from industry and discuss the

application of these TFTs in large-area position sensitive a-Si:I.1 radiation detectors.

(1) _a-Si:H_ • A-Si:H TFTs are nomlally composed of a thin (,,, 0.5 I.tm) intrinsic a-

Si:H layer as a main current channel and amorphous silicon nitride of 0.3 gm as a gate

: insulator. Some other materials such as silicon oxide and tantalum oxide [31] are used as

gate insulators, however, their characteristics are not reliable. Amorphous silicon TFTs are
-

the staggered-inverted type as shown in Fig. 4.5(a), and channels are defined by a self-

= aligning technique using gate metal as a mask for photo-etching by shining light through

the glass substrate. Because of the low hole mobility, only n-channel a-.Si:It TITs are

practically applicable and they are operated in the accumulation mode which means the

_
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electrons are accumulated at the interface of the gate insulator and the intrinsic a-Si:H layer

(slightly n-type) under the positively biased gate.

f2) _..0]y-_ _TPLrs. Poly-Si TFTs are becoming very important elements in making driver

circuits for large-area image devices such as LCD screens [32] and 2-D scanners because of

their capability for fast speed and reliable operation. Both n-channel and p-channel TFTs

can be made by ion-implantation doping followed by a high temperature annealing. In

general two methods of making a poly-Si film out of an amorphous silicon film on a

substrate are used; (1) post-annealing in the temperature range of 600* ~ 900 oC [33] and

(2) laser-induced recrystallization.[34] The second method, with careful treatment, may

produce larger crystalline grain but the first method is widely used because of low cost and

reliability in processing. Annealing at 900 "C requires a quartz substrate because of the high

temperature. The sample TFTs described here were made by the annealing technique at

Xerox and GSI and its schematic diagram is shown in Fig. 4.5 (b).

Drain ,_ _Source_,__.. _ '_,_:_i_,..,_._._ Cr
, 4 " 4: :::::: ;_ :::;!_:;:::::;;:_ , .'.'._3::.: ,"_."_':,:.'.'__._._,.':'i.'."_ _2"_,:.._.."..:_i...,,.:....,.__i,:::.:_!i!_i_:;_,s_:.,::::::,:_:,:,:.,.,:.:::::::

" _ , _iii!!!!i!!_!!!!::i::ii!!!_i!i::_!!!_!I::!_L a-Si:H (500 nm)
_::!_!!i!i_::!i!i!!ii!!_i!!!i!_!iii!i!iiiii!!!!i!!ii!!!!i!ii!_ii_!!_!!!__ii_!!iii::!!!:!!-!!!!!!!!_i!i!i!!!i_i!i!!!!i!!!!i::!i!_i::!::!,Si3 N,I (300 nm)

- (a)

Gate

•:..._.._........ :.:. .:.:._,:..:;,_g_:..::. ..,

.............._:_:_:_:._:_:_._:_:._:_:_:_:_.._:_.`_!i_i_ii!i_i_iii_!iiii_i_SiO 2 (200 nra)

.::::':_Poly-silicon _',_ii_!_i_

_:-_ _i_ii!iiil iiiii!!i!ii ii!iiiiliiiii !ii:ii":::::":":::"__::_:::"__:::"::i:'i'_:_ SubstrateDrain ource-

(b)

Fig.4.5 Schematic cross-sectional views of (a) a-Si:H and (b) poly..Si TFI's.-.
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4.3.2 Noise Sources in TFTs

In MISFET (metal-insulator FET), basically two types of noise components are

. present; (1) thermal noise from the finite channel'conductance and (2) I/f noise frorn the

interaction of channel electrons with the traps located in the gate insulator near the silicon-

" insulator interface. In thin,film-transistors, we can expect that the trapping and detrapping

at the band tail states in bulk amorphous silicon and the generation-recombination at the

crystalline grain boundaries in poly-silicon produce an additional l/f noise component.

. (I) Therm_uist) noise."

When the TFTs are in t},e operation region, i.e., the gate bias is in the saturation

: region, the drain-to-source CU_TentI_ ha_;a functional dependence on the gate bias Vgs but

= is independent of the drain-to-source bias Vds.

-_ Ias- 2L gfe Co (_-lx (Vgs" VT}z (4.20)

where _fe is the field effect mobility, W and L are the channel width and channel length

= respectively, Vgs and VT are respectively the gate bias and threshold voltage, and Co is the

Z capacitance per unit area of the gate insulator = ¢o_i/ti where eo and ei are the dielectric

- constant of the vacuum and the relative dielectric constant of the gate insulator and ti is the

_ thickness of the insulator. The transconductance in the saturation region is given by
dIds

{._w) (V_-VT): gm - dV_s - _tfeC°'L x

_ Noise in FETs appear as a fluctuation of the drain current Ids and the thermal noise due to

channel conductance is given by the following equation [35]

" <--i2h'_= 4kT0gm
Af

_ where 0 is a process dependent constant and is nom'Jally ~ 2/3. The input-referred thermal--

--

noise power Sm(f) is obtained by dividing the output drain cmxent noise by tiae square of

glTl.

= Sth(f) <v > = 4kTx--0-
° Af gm (4.21)
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1/f noise in MISFET originates from the fluctuation of charge carriers at the

interface between gate insulator and semiconductor. Therefore it is depending on the details

of the fabrication process. Empirically, input referred 1/f noise power in FETs is described

by a similar equation to the equation (4.12)

'¢V_

_8

Stf(f) = = Kt x l_ (4.22)af

where o_- 1 and 13is nearly zero for crystalline silicon MGSFETs. Therefore noise power

is weakly dependent on the drain current.J36] The constant Kt depends on the device

geometry and the process and is normally inversely proportional to the channel capacitance

= COWL.

Since amorphous silicon and poly-silicon TFTs have a similar structure to the

crystalline MOSFET, we can expect a simil_ functional dependence on the drain current

and frequency. However, because the semiconductor layer is made by deposition, more

defects and corresponding trap states at the interface and in the bulk exist than the

crystalline Si MOSFET. From the equations (4.21) and (4.22),, the total input referred

noise of a-Si:H and poly-Si 'ITTs can be expressed as

<v_FT> .4__kT__ Kt" STrn'(f) = - = + x (4.23)
_flf gm Co WL fa

, where O,o_,13and Kt can be found experimentally.

4.4 Optimization of Total System Noise by Pulse Shaping
z

The output signal from the detector or from the preamplifier is normally shaped into

: a short pulse form to avoid pulse pile-up and to make further signal processing easier, for

example, analog-to-digital conversion, memory, display etc. The pulse shaping amplifier,
=

however, also acts as a band pass filter to reduce system noise, and achieve an optimum
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signal-to-noise ratio. Optimization of the signal-to-noise ratio requires a tbrrnulation of the

total system noise, a sum in quadrature of the detector noise and the amplifier noise, as a

function of design parameters, such as capacitance and operation bias level of the detector
,a.

and amplifier, and the shaping time of the shaping amplifier, etc. Depending on specific

. purposes, there are many types of shaping amplifiers. However, we will discuss two

simple cases; (a) CR-(RC) n filter as an example of time-invariant filters and (b) a gated

integrator' shaper as an example of time-variant filters.

4.4.1 Conversion of Noise Power Spectra to Equivalent Noise Charge

As mentioned in the introduction of this chapter, noise of a radiation detection

• system is generally expressed by the equivalent noise charge (ENC) in the measurement-

time domain rather than the noise power spectra (NPS) in the frequency domain. Hence it

: is necessary to relate the noise power spectra to the equivalent noise charge. This

conversion from the frequency domain to the time domain is physically accomplished in a

_ shaping amplifier, which basically is a filter network with a characteristic time constant,
-

: called a shaping time or a peaking time. Mathematically the conversion is a convolution of

= the noise spectrum with a transfer function of the shaping amplifier, and is given byJ

(ENC_- N_-

where As is a normalization constant or gain of the shaping amplifier to the unit charge, G

- is the transfer function of the shaping amplifier and Sj is the frequency spectrum of the

_- noise power component j- °

-=

The noise components from the detector and from the front-end amplifier can be

.- classified into two different types as shown in the Fig, 4.6; (a) a parallel noise-current

__ source, and (b) a series noise-voltage source, <v2>. (a) Parallel noise sources (detector

-_ shot noise, detector 1/f noise) are represented as noise current sources, <i2> and (b) series
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Cf

I! ]
Series Noise

u,

(

' q r ct_ Cd+ Ci
<Is_°t ...2[_ Charge CR-(RC) n "

Parallel "=" Sensitive Shaping
Noise Preamplifier Amplifier

Fig. 4.6 Parallel and series noise sources in detector-amplifier system. (shot = shot
noise, df = detector l/f noise, tt = transistor them'ml noise and tf = transistor l/f
noise).

noise sources are noise voltage sources (thermal noise and 1/f noise of the front end TF'F in

the preamplifier). Also any series resistance component between the detector and the

preamplifier introduces additional thermal noise which can be expressed by

Ssr(f) = _ = 4kTRs (4.24)- Af

= where R is the magnitude of the series resistance.

__ The equivalent noise charges from these sources can be obtained using either one of the

following equations,

_- N2 = _I_ x ..1_ <i2;'- x G2 df
A2 q2 {2rcf)2

N2 = 1. x_ (_<v2>x G2 de
-- 2As q2 J0

where q is an electronic charge and Ctot is the sum of detector capacitance Cd and input

capacitance Ci of the preamplifier (the gate-to-source overlapping capacitance of the front-_

--- end TI-"q"Ci _ CoWL where L is the channel length). A parallel noise-current source, <i2>

is converted into an equivalent series noise-voltage source, <v2> by the following relation
1-- <v2> = x <i2>

_=
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Then the total system noise power spectrum Ssys is obtained by equations (4.19), (4.23)

and (4.24) and is

Ssys_f = <v2r> + <_t> + <v_>+ <i2h°t------_>-+----<i2/f>
. (coc,o, C,o,)2

2n Kt I_s1 2 q Ip, 1 2n Kf 1_= 4 kT Rs + 4 k_T_9..+ .... + __ + I_L
.. gm CoWl., ra) (Ctot)2 0)2 (Ctat)2 0)3

3
K] K2 K3 Km

-- Ko +--_- +-- + m = _ co___ (4.25)
0)2 0)3 m = 0

4.4.2 CR.(RC) n Pulse Shaping

= When a CR-(RC) n filter is used as a shaping amplifier with a shaping time x which

is equal to the RC time constant, the transfer function is given by

Gn2(0)) = . a2n o32

where 0) is 2hf, a = 1/RC = n/x. x is the shaping time or the peaking time because the

output signal pulse of a CR-(RC) n filter from a step input at t = 0, rise to a peak value at t =

x. The gain of a CR-(RC) n shaping amplifier As is given by

As = _nn
n! en

where e is the natural logarithm base.

Using the total system noise expression in the frequency domain, Ssys, the

equivalent noise charges of the detector and amplifier noise components are obtained for n

_: = 1 and n = 4 (Gaussian shaping) and shown in Table 4.2. For more details see Appendix

E. In nuclear electronics, detector shot noise and the amplifier thermal noise are often called
:E

" step noise and delta noise respectively.

= Fig. 4.7 is a schematic of these noise sources as a function of shaping time. Their

- magnitudes are not scaled in the figure but can be evaluated from the equations in the above

table with various design and operation parameters.

__=
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Table 4.2 Equivalent noise charges (electrons in rms) from detector-amplifier system

........... _ ...... i ,,_ ................ • ,,,

Device Noise Type Pulse Shaping Amplifier Type

CR-RC CR-(RC) 4
,1, ,, ,,i i " i . . ! ii ,,,, ,J' 'll ' , ' , :..tu_ , ," ,, " ," ',, ,' , ,/ ,,, ,r iJ i, ,u II "' ,,,, i, u i,i

Shot Noise 1.9 _q x 0.9 _k x -t , ., .,, , ii ,,, , _ ,<

Detector 1/f Noise* 7.4 Kf I_ ln(1/'_C0min),_2 1.6 Kf I_Rd h_.(1/'_{0min),_2
-_ • q2 q2.,i .,, .,,, , , , u, ,,.

Contact Noise 0.92 -CIol24kT Rs _1_ 1.0 ct°t2 4kTRs 1_
° , ........ q2,..... x q__ z. t t, , ,,,,,, JJ ,,

Thermal Noise 0.92 _t°t2 4kT 0 1 1.0 -C_ 24C--_kT0 l
Amplifier , ...... q2 Zm 1: q2 gm 'CI II II I

t3,
1/f Noise 3,7 Ct°t2 Kt i_ 3.3 Ct°t2 Kt I_js

q2 Co WL q2 Co WL

* where O_minis determined by moexp[(Emin-Ec)/kT].

tm

b

_ Ak

o 6

z
o=

Shaping Time, log('0

Fig. 4.7 Schematic representation of equivalent noise charges from various sources as a
function of the shaping time; (a) detector shot noise ~ 'c, (b) detector 1/f noise ~

= ,_2,(C)series contact noise ~ x"l, (d) amplifier thermal noise ~ x"l, (e) ampl_er
" 1/f noise, independent of x and (f) total system noise.
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4.4.3 Time.Variant Filter

In this section, we will briefly review a gated-integrator filter as an example of an

° active time-variant filter and discuss a correlated double sampling scheme to optimize the

noise contribution from the front-end amplifier, i.e, thermal noise and 1/f noise of TFTs.

(1) Gated-Integrator Filterv

A gated-integrator filter is the most common type of active filter.[37] Fig. 4.8 is a

schematic of a gated integrator. At the start of the detector signal, switch 1 is closed and

switch 2 is open. Then the signal current is integrated until switch 1 is opened and the

signal output keeps its height for readout of the signal output by the following stage of the

system until switch 2 is closed. This type of operation is equivalent to the function of RC

integrator or low-pass filter to the noise current. It has a trapezoidal weighting function to

= the noise in the time domain. A time domain analysis of this filter is detailed in Appendix F.

_: cloar,d .__
-k___Switch 2 open ..... ........... , Switch 1

!
!

= J "--" closed , ,-- ........open
o I/% n oSwitch 1 , ,r x , ,

- _ _ ' Current Input
• " f I I I I

i t

Current Input Output , ,

--- Integrator Signal Output
l l l I I

I I I I

I II I I=

= t 1 t 2 t 3 t4

Fig. 4.8 A schematic diagram of an gated-integrator and the time-variant pulse shaping.
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Advantages of time variant filters with a trapezoidal weighting function are that (a)

precise timing is not required because of the existence of the flat top region, (b) pulse pile-

up is considerably reduced due to the rapid termination of the output pulse and (c) noise
tP

incurred in one measurement does not affect to the next measurement following the end of

the ftrst measurement interval.

(2) Correlated Doubl_ Sampling

Fig. 4.9 shows a correlated double sampling scheme coupled to a gated-integrator

and a timing diagram of the correlated double sampling. This scheme has been widely used

in CCDs to reduce the switching transients and to eliminated the reset noise of the integrator

switch [38] because they are fully correlated between the clamp and sample circuit. During

the first sampling time Til prior to signal readout, the holding capacitor Ch accumulates

charges flowing from a reference voltage Vclamp with noise of the preamplifier. In AT after

the first sampling time, the input signal charge from detector through the preamplifier
J

circuit with ali noise is integrated during the second sampling time Ti2 and is compared to

the stored charge in Cb. The output is proportional to the signal charge subtracted from the

reference charge.

The effect on the white noise of the preamplifier is to increase it at the CDS output

due to aliasing.[39] However, it can reduce the low frequency 1/f noise of the
_

preamplifier.J40] Therefore there is a big advantage to this scheme for a-Si:H or poly-Si

--. 'ITT preamplifiers which have large 1/f noise components compared to the white thermal

-- noise from the channel resistance.
_

-

-
-

7.

=
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Fig. 4.9 A schematic diagram of the correlated double sampling scheme.
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4.5 Measurements and Calculation Results

4.5.1 Current and Noise of a-Si:H Detectors

Since the diodes are reverse biased when used as radiation detectors, the dark

reverse current and its noise power spectra are measured under reverse biased condition.

Fig. 4.10 shows the measurement set-up used. While the ammeter measures the reverse

current as a function of the applied bias voltage, the frequency spectra of the output noise

power from a charge-sensitive amplifier is amplified and sampled through the setup (A) in

the figure. An aliasing effect due to digital sampling is removed by a set of butterworth

filters for a measurement frequency range set and changed at the oscilloscope. The noise
=

data were recorded and their Fourier transforms were calculated using fast Fourier

transforms in a PC. The sample diodes measured in this experiment had thickness ranging

from 5 to 45 lam, from three sources, Xerox PARC, Glasstech Solar Inc and LBL.

i <>-C3- , r F :t.....Q_ _"! Fourier
Crest _ . ] [ Transform

- Cf
[" _, Wide-band Bunerworth Digital

; _ [-""n_----] Amplifier Prefilter Oscilloscope PC
__/_"_l (A) Frequency Domain Noise Measurement

._ ,J.,_'--'t_ l DetectorlP"" II
--- -- I,-4 Noise I .......

i " _ II

-__.._ Current L@_ _ _--

_: ;Detector .....Charge Pulse Pulse
-- Sensitive Linear Shaping Height

Preamplifier Amplifier Amplifier Analyzer
=

_

_- (B) Time Domain Noise Measurement
z

Fig. 4.10 A schematic diagram of a-Si:H detector diode noise measurement setup of (A)
-_ noise power spectrum measurement and (B) equivalent noise charge

measurement.
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(1) Reverse Cun'eot

Fig. 4.11 shows a typical I-V curve of an a-Si:H pin diode (26 gm thick) meastu'ed

at room temperature and the calculation of the bulk generation current using the Poole-

Frenkel current model. Model calculation fits the measurements well by taking Poole-

Frenkel coefficient 13PFas a fitting parameter. A value of 0.066 for 13PFgives the best fit.

We also measured the activation energy of the reverse current, Ea, which is a slope of the

log(l) vs lfr curve at each bias point. The temperature ranges between 20 °C and 150°C.

The activation energy as a function of bias as shown in Fig. 4.12 for a typical sample diode

(26 I.tm thick), decreases linearly with the bias rather than the square root of the bias

anticipated from Poole-Frenkel barrier lowering _ven by.
- Ea - Ei + AE - Ei

IpF,,_ex_--_--]-ex_ kT ]-ex_ +_pFqb_o]_J

The larger value of [3pFthan the theoretical value of 0.022 suggest that the Poole-Frenkel

effect may also be enhanced by a screening effect from the high density of surrounding

ionized dangling bonds, i.e. clusters of defects states reduce the barrier height further.[41]

-- In such case, the additional barrier lowering is given by zSJ?_= sF/2 where s is the average

distance between two neighboring recombination centers.

z
lt

2

I
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Fig. 4.11 Reverse current of a 26 gm thick a-Si:H pin diode. To fit the measured data, we
used 13pF= 0.066, mo - 1012, E i - 0.9 and Nt - 1.4 x 1015.
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• Fig. 4.12 Activation energy of reverse biased a-Si:H pin diode 26 gm thick.
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(2) Noise Power Spectrum

Fig. 4.13 shows a typical output voltage noise spectra Sv of a 26 I.tm detector

• measured at various bias levels and it also shows the background noise spectrum of the

amplifier itself. The spectral noise power after subtraction of the amplifier noise from the

total noise is analyzed as a combination of three different noise components; 1/f noise and

shot noise of the detector and series resistm_ce noise based on equation (4.25). These are

(a) 1/f 3 dependent component, (b) 1/f2 dependent component and (c) frequency

independent component. The magnitudes of the first and the second noise components are a

function of the reverse current. The last noise component is independent of the frequency

and the current.

<v2 t> KI(IR) K2(IR)Sv - ou = + + K3
Af f3 f2

The first two components are current dependent and therefore their physical explanations

are treated as a current noise source.

The input equivalent current noise power spectra SI of the first two noise_

components are obtained by the following relation from their measured output voltage noise
i

spectra Sv.

<i2n> (co Cin)2 (2 _: f)2
SI--- = xSv = --xSv (4.26)

Af A2b A2ys

where cois 2tfr, Cin is the dynamic input capacitance of the charge-sensitive-preamplifier,

A wb is the voltage gain of the wide-band amplifier and Asys is the charge-to-voltage

, conversion gain of the measurement system (A) which is ~ 3 x 10 V2/Cou] 2.

The last component of noise spectrum is independent of the current and the
2

' frequency; therefore it can be considered as a series noise voltage source between the

detector and the amplifier.

£ Fig. 4.14 is a schematic diagram of the detector structure and the three input

- equivalent noise sources represented in an equivalent circuit of the detector.
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Fig. 4,13 Measured output noise power spectrum of a 26 gm thick a-Si:H pin diode, l/f3
: reg.ion corresponds to 1/f noise of at the input stage, and 1/f2 region is shot

no_se and the frequency independent noise is considered as a thermal noise
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Fig. 4.14 (a) A schematic cross-sectional diagram of sample a-Si:H pin diode and (b)
three noise sources in an equivalent circuit. Noise sources are A: 1/f noise, B:
shot noise and C: thermal noise from contact resistance. Large value of bulk
resistance doesn't contribute significant noise.

(a) 1/f Noise"

The first noise component in the form of the input equivalent current noise power

spectrum is inversely proportional to the frequency so it would be 1/f type noise, o_was

-' ~ I. lt can be weil expressed by the following equation,

Af f f

where l/f noise power coefficient, Ko, is estimated from the measured value of K1 by

- equation (4.26) and is

= xK 1
Ko Asys

_- 13 is the current dependency factor and Kf is a current independent coefficient. The-

, measured 13has a range from 1.5 --.2.0 and the 1/f noise model equation derived in the

- previous section gives 13of--, 1.2 from the equation (4.19) as shown in Fig. 4.15. Fig.

:r 4.16 shows the measured Kf of various samples and the estimated values of Kf calculated

by the model equation.
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Fig. 4.15 A plot of calculated noise current power coefficient Ko for a 26 gm thick pin
diode as a function of calculated Poole-Frenkel current. The calculation gives 13
of 1.2.
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Fig. 4.1.6 Measured Kf for a-Si:H pin diodes of various detector thickness and calculated
Kf with the assumption of [3= 1.2.
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(b) Shot Noise ;

The second component is shot noise and is expressed by
.2

<ash°t> = Ks x lR
_f

,a

where the estimated Ks from measured K2 is ~ 2.3q and agrees well with the theoretical

value of 2q given by the equation (4.10).

(c) Series Resistance Noise ;

The last component can be represented as a series noise voltage source. From the

simulation of this type of noise by a pure capacitor and a resistor, this type of noise turns

out to be thermal noise from any resistive component between the detector and the

amplifier. Its input equivalent noise power specm_m is given by equation (4.24)

Ssr(f) = <vs2r>= 4kT Rs (4.24)Af

where 4 kT = 1.66 x 10-20 Volt-Coul. and Rs is the effective series resistance between the

detector and amplifier. The estimated Rs for various samples is 100 ~ 300 f2. The thermal

noise comes from random thermal motion of electrons and holes in an ohmic material. The

resistance may originate from various sources, such as the contact resistance of the p- or n-

layer to the metal electrode, the p- or n-layer itself, the sheet resistance of the metal

o electrode, and the resistance of the connecting wire between the detector and the amplifier,

etc. One of the main contributions is the resistance of the p4ayer itself, and annealing under

bias can reduce this resistivity temporarily.J42] In the application of a-Si:H to solar cells,

the contact resistance must be reduced to < 1 f2.
z

=

(3) Equivalent Noise Charge

Fig. 4. 17 and Fig. 4.18 show the measured reverse current of a typical a-Si:H pin

detector diode and its equivalent noise charge measured using the setup shown in Fig.

4.10(B) as a function of bias and as a function a shaping time. Measured noise data are
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fitted by the sum of four noise components estimated using equations (n = 1) in Table 4.3

and the parameters evaluated from the noise power spectra. As we see in these

measurements, the derived equations for equivalent noise data for a-Si:H detectors fit them
b

very well so they can be used for the design of large-area devices using appropriate scaling.
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Fig. 4.17 Reverse current and equivalent noise charge measurement of a reverse biased 26
jam thick a-Si:H pin diode and calculated ENC of (a) 1/f noise, (b) shot noise,
(c) contact noise, (d) amplifier noise and the total noise(solid line). Shaping
time of 2.5 jasec is used.
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Fig. 4.18 Measure noise of a 26 _m a-Si:H pin diode as a function of CR-RC shaping
time. Detector 1/f noise is shown as a linearly increasing part of the total noise
at high bias.

4.5.2 I-V and Noise Power Spectrum of TFTs

: Noise of a-Si:H and poly-Si TFTs were measured at a shielded probe station using
=

the setup drawn in Fig. 4.19. Details of the measurement set-up are given in reference [43].

Rr:

-_ Power i I_
_ Supply t 1-_'_. [ Signal [

o (HP41a0B) ---'--lE TFr [--__ - [ Analyzer [- (HP3561A)

Noiseless

"_ .....

_ IN_ PC

__ 1,/I (HP9836)_- Control and Data Bus

_ Fig. 4.19 A schematic diagram of TFT Noise measurement system. (Courtesy of Hung)
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Fig. 4.20 ~ Fig. 4.22 show typical I-V and noise spectra of a-Si:H TFrs and Fig.

4.23 and Fig. 4.24 show I-V curve and measured 1/f noise spectrum poly-Si TFTs. The a-

Si:II and poly-Si TFTs tested have very large 1/f type noise which dominates over a large

frequency range up to ~ MHz. The thermal noise was not observed. The 1/f noise

coefficient Kt of poly-Si TFr is ~ 100 times smaller than that of a-Si:H TFr shown by

fitting the data of noise power spectrum into the equation (4.22). Also the field effect

: mobility of poly-Si TFr is ~ 200 times higher than that of a-Si:H TFT as shown from the I-

V measurements and the analysis of equation (4.20). Therefore poly-Si TFTs are more

attractive candidates for the front-end amplifier which should be fabricated on the same

substrate together with the a-Si:H pin detector layer. In terms of 1/f noise, p-channel poly-

Si TFT seems a better choice than n-channel poly-Si TFT.

Table 4.3 summarizes some basic parameters of a-Si:H and poly-Si TFTs made at

two different annealing temperature.
7.

- 50 _ 1 T _

"" _V ---25V__ ,_, 40

_ _ 30 _
_ 20V

- = 20
O

- 6 --o 15V

- 0 5 10 I5 20 25 30

= Drain-to-Source Bias Vds (V)
=

£

-- Fig. 4.20 Typical I-V curves of a-Si:H TFT' made at Xerox. W/L = 128/16 ktm.
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Fig. 4.21 Measured 1/f noise spectrum of a-Si:H TFr made at Xerox. W/L = 128/16 l.tm
and the applied drain-to-source bias is 20 V. Thermal noise is estimated from
the measured values of transconductance gin.
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Fig. 4.22 Magnitude of 1/f noise power at 1 kHz and drain-to-source current of a-Si:H
TFTs as a function of channel dimension W/L.
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Fig. 4.23 I-V curves of 900*C annealed n-channel poly-Si TFT made at Xerox. W/L =
50/5 gin.
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- Fig. 4.24 Measured 1/f noise spectrum of 900"C annealed n-channel poly-Si TFT. W/L =
- 50/5 gm and the applied drain-to-source bias is 10 V. Thermal noise is

_= estimated by the measured transconductance gm.
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Table 4.3 A summary of basic features of a-Si:H and poly-Si TPTs

Type I-fie VT L Insulator _ Kt

. (cm2/Vsec) (Volt) (t.tm) (I.tm) (10"20 VC)

a-Si:H TFr 0.25 ~ 2.5 ~ 3 > 5 Si3N4 ~ 1.0 1. ~ 2.

. 0.35 0.2 ~ 0.3
.... i lt ii i mL i .1 i i i i i iii iii i

a-Si:H 0.25 ~ _ ~ 0.5 Si3N4 _ _

rTpT* 0.35 (NA),
600" poly-Si 40 / 15 I ~ 3 > 3 SiO2 _ _

=

n & p-ch ........... 0.1 ~ 0.2 ............ --=

900" poly-Si ~ 95 1 ~ 2.5 > 3 SiO2 ~ .78 .01 ~ .02
n-eh TIT 0.1 ~ 0.2

i i ii ii i iii ii i i • iii ii i i iii i i

-- 900" poly-Si ~ 50 2 ~ 3 > 3 SiO2 ~ .8 .007 ~ .01

p,ch TFT . .... 0.1 7 0.2 ........

* See reference for vertical TFT.[44]

4.6 Discussion

- In the alSi:H radiatioa detectors which are reverse biased pin diodes, dark reverse

current is modelled as a field enhanced thermal generation current due to the Poole-Frenkel

= effect. Using the number fluctuation model we derived the 1/f noise of a reverse-biased a-

Si:H pin diode. Measured reverse current curves for 5 -- 50 gm thick diodes are fitted well r

: by the model equation. However the 1/f noise model has a discrepancy with the measured

: data in terms of the current dependency factor 13showing 1.2 instead of the measured value
=

" of~2.
_

Measured noise power spectra of diode _. are analyzed as a sum of three

components; 1/f noise, shot noise and contact noise. The first two noise components are

due to the fluctuations of dc reverse current, and the contact noise can be from any series

% resistive components between the detector capacitance and the preamplifier. Resistivity of

-

=
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the p-layer itself and the electrode metal are probably the origin of an effective contact

resistance of ~ 200 fL

Measured I-V curves for sample TFTs show that the noise in both TFTs is

dominated by a 1/f noise component up to ~ MHz range, but poly-Si TFT has the merit of

achieving higher gain and lower 1/f noise amplifier than a-Si:H TFT. a

Using the noise power spectra of detector diodes measured in the frequency

domain, the equivalent noise charge in the time domain after a CR-(RC) n shaping filter are

derived and compared to the measurements done by conventional distributed nuclear

electronics. At low bias, series contact resistance noise is important but as the bias increase

shot noise and 1/f noise become dominant. The 1/f noise in the detector can be reduced by a

factor of 2 using a CR-(RC) 4 filter compared to a CR-RC filter and it can also be reduced

further by decreasing the shaping time. Time variant active filters such as a gated-integrator

with double correlation sampling can avoid the switching transients and reduce 1/f noise

from TFT amplifiers. However since the thermal noise contribution may increase, the_

- timing design must be done optimally in the direction to reduce the total noise of the

system.
47

The derived expressions of equivalent noise charges from various noise sources of

a detector and TFF combination as given in the "Fable4.3, will be useful when we calculate

the total noise of the detector-amplifier system. Optimization of signal,to-noise ratio can be

- done by choosing a proper combination of operation parameters such as the size of the

detector and the front-end TFTs and the operation bias levels, the shaping time and shaping

filter circuit, etc.
=

i
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Chapter 5 Detector Readout Electronics

5.1 Introduction

Any of the readout schemes mentioned in Chapter 2 can be applied to position-

sensitive detector made of a-Si:H, however we shall limit our discussion to the line-

scantling method for 2-d pixel detectors only because it can be applied in the widest range

of applications. Since a-Si:H detectors can be made together with a-Si:H or poly-Si Tr-Ts

on the same substrate, the readout electronics for 2-d a-Si:H pixel detectors is preferably

made from these materials. A-Si:H TFTs and a-Si:H pin diodes have been successfully

_- used as areadout switch for the line-scanning method for light imaging.[ 1,2] This scheme

= can also be applied to a-Si:H radiation detectors. For single-particle or low-intensity x-ray

2-d pixel detectors, it is also necessary to amplify the signal at the pixel level before readout

by the external processing electronics.

- In this chapter, after a brief description of transistor- and diode-switch readout of a-.

Si:II 2-d pixel detectors, we will discuss two aspects of pixel readout electronics in some

detail; an a-Si:H diode-readout and a poly-Si pixel amplifier.

5.2 a.Si:H Pixel Detector Electronics

5.2.1 Transistor-Switch Readout

-_ A transistor readout scheme of stored charges in a solid photodiode was originally

-_ suggested by Weckler in 1967.[3] Recently Street et al.[li have made a-Si:H pin -
_

photodiode arrays with a single switching-transistor/pixel readout scheme. Its schematic is
_

shown in Fig. 5.1. Each element consists of a photodiode and a switching a-Si:H TFT for

the readout. The diode is reverse biased through a common bias line. The drain of the
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readout transistor is connected to a pixel diode and the source is connected to a common

data Line.Finally the gate electrode is connected to a common gate lines.

Signal charge is accumulated and stored irl each pixel diode during a period of the
lt

scanning cycle. When the clock pulse generator sends a gate pulse to each row (x) of pixels

. in sequence, signals from the pixels in therow are readout directly through each data line

(y) by an external parallel processor. The readout speed is determined by the conductance

of the TFT. The processor accepts a set of analog data in sequence and produces digital

pulses having informations about the position and signal size of pixels. This data can then

-: U_..stored into a memory, or displayed on a screen. The scanning cycle for a pixel in a

scanning readout method is divided into an integration time, Ti, and a readout time ,Tr.

=

Detector t_xas- .... -,..... ,...... ,..... r .... r- -

' , , , , _, Switching TFI'
- ! i I ! t

I t I I I

-----
,. _ Pixel Photodiode

. _,l

: 8 -------- Gate Line

-
- Signal Line_

I

_ Pulse Processing Integrated Circuit

- Fig. 5.1 A-Si:H pin photodiode pixel array with a-Si:H TFr switching TFTs for read-
_2 out data line by line. (Courtesy of Xerox PARC)
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For the optimum design of this system several considerations are required; (a) The

reverse leakage current of the photodiode must be small to avoid signal loss during the

integration time. (b) For a fast readout, the on-time resistance of a-Si:H TFT should be

small enough to transfer the signal charge at sufficiently high rate. For example, a drain-

source resistance of 1 Mf_ (on state) with a pixel detector of 1 pF will produce 1 ILtsec

readout speed. (c) For high efficiency of the signal transfer, the ratio of the dynamic input

capacitance of the preamplifier to the capacitance of a pixel diode should be large. (d) To

get a higher sensitivity and wide range of dynamic response, the system noise should be

minimized. Noise from the readout TFT can be treated as a series resistance noise and 1/f

noise.

5.2.2 Diode.Switch Readout

A diode can act as an electronic switch because it conducts under forward bias and

does not under reverse bias condition. Therefore a pixel readout switch can be made by a

diode connected back-to-back with a pixel diode. Yamamoto et al.[2] have made an a-Si:H

2-D image sensor for document page reading using a single readout switching diode and a

pixel diode. Its schematic is shown in Fig. 5.2.

The switching diode is normally off and the pixel diode is reverse biased during an

integration time, Ti. Signal charges produced by the incident radiation or flux during this

time are accumulated on the capacitance of the pixel diode. During the readout time, Tr, the

switching diode is forward biased by applying an appropriate sign of pulsed bias (called a

gate pulse) and the charge stored on the pixel diode is discharged. Integration of the

discharging current at a charge integrator (charge_sensitive preamplifier) produces an output

pulse. The discharging rate is determined by the product of the capacitance of the pixel

diode and the forward resistance of the switching diode. The minimum readout time is

determined by the discharging rate and the process time of the output pulse at the external
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circuit. The optimum integration time should be decided by the number of pixel columns

and the signal loss rate due to the leakage current of the pixel diode.

The diode switching readout, compared to the transistor switching readout, has
4

disadvantages, for example, highly nonlinear characteristics in the forward bias region may

. produce severe variations in forward conductance from pixel-to--pixel. However, it also has

some advantages. Its construction is much simpler than that of a TFT. Also its readout

speed can be faster than "ITTs. And since it does not use any insulating layer (c.f. gate

insulator in TFTs) it may have superior radiation resistance than a TFT readout scheme.

Because of these benefits diode switching has also been studied extensively for application

to flat-panel liquid crystal display devices. Initially metal-insulator-metal (MIM) diodes

such as tantalum oxide and silicon nitride were used.[4] However, they have a rather poor

on/off current ratio (103 ~. 104) compared to a-Si:H TFTs. Recently a-Si:H pin diodes have

been used as switches for liquid crystal displays and showed a very high on/off ratio ~

1011. [2]

_/Switching Diode

- _ " J

•., | _)_ ....._)_ '_ )_ fl_.-. PixelPhotodiode
"_ _ ....... ,t , ,

, ......
. X_ _ )_ )_ _i( )_ GateLine

Signal Line

.... : " ,. ,, ,,i , _ ,u, _, ....

-_ Signal Processing Integrated Circuit
_=

Fig. 5.2 A schematic diagram of 2-d pixel signal readout using a single diode.

- 115_



In the case of radiation detectors, due to the relatively small signal compared to the

large light signal in document reading, the single diode scheme has several disadvantages.

For example, (a) a large feed-through transient at the time of the on-off transition of the
h

switching diode can interfere with, and screen the signal current and (b) the operating bias

point of the pixel detector diode is not controllable but is determined solely by the reverse i,

characteristics of the pixel and switching diodes.

Instead of a single diode, two diodes can be used to perform a similar switching

function (double diode switch). [4] Fig. 5.3 shows a schematic of a unit cell composed of

two switching diodes and a pixel diode. The switching diodes are connected back-to-back

and are normally off during the charge integration time, Ti. During the readout time, Tr,

both diodes are forward biased at the same time by the application of appropriate gate

voltages (positive m._dnegative respectively), to discharge the stored signal charges in the

pixel diode.

The advantage of this scheme is (a) cancellation of the feed-through transient

charges from gate pulses and (b) control of the reverse operating bias level of the pixel

diode by changing the ground level of both gate pulses. The main drawback in the two

diode readout is that a larger number of interconnect'ions are needed because each pixel row

requires two gate lines.

_ Gate 1 ._f-'-] ["--l._ P°sitive

I 1--- Reference"1 IGate 2
_ Negative

! ! I

Switching : , , -
, , ',

diodes , Ti ITr ',

I I !

I I I "

I I I

Photodiode ,' ' ,

' _k...__.qi_1_.=na. -- . _,__

Fig. 5.3 A Schematic diagram of an unit pixel detector with back-to-back readout diodes
and a timing diagram showing the integration time Ti and the readout time Tr.
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5.2.3 Pixel-Levei Signal Amplification

Since signals produced in amorphous silicon radiation detectors are generally small,

' especially in the case of single particle detection, pixel-level amplification is needed before

the signal from 1-d strip or 2-d pixel detector array is read-out by the external circuitry in

order to reduce stray effects, such as transfer loss of signal, and noise pick-up at data lines

crossing large-area detector arrays. The pixel electronics must perform signal amplification,

holding signal data, and sending the signal to a common data line as shown in Fig. 5.4.

: To implement these electronic functions for a large-area 2-d pixel array of a-Si:H

detectors, poly-Si TFT technology seems to be the most appropriate and natural choice

because it has compatibility together with amorphous silicon in making large-area devices

on the same substrate. Also it has better electronic characteristics than a-Si:H TFTs, as

described in Chapter 4. This technology is still under intensive development in the linear

image sensor or active matrix LCD industry. However in those applications, the TFI's are

: used principally as switching elements rather than as analog amplifiers, so it is important to
_

investigate the analog characteristics of the TFTs and their limitations as well as their

applicability for our purpose.

Bias Readout

,i - i i

r'-.. i !

: Pixel Pixel Signal hold Readout To external
detector amplifier and output switch circuit

Fig. 5,4 A schematic diagram of pixel detector and pixel level electronics consisting of--..._

an amplifier, signal hold and readout switch.

117
_



5.3 An a.Si:H Diode.Switch Readout

5.3.1 Design
lt

An array of photodiodes (3 x 3 array of 1 x 1 mm pin diode) with two back-to-

back coupled switching diodes was made in order to test the double diode readout scheme.

The main objectives were (a) to measure the loss rate of the signal between the incidence

time of the radiation and the readout time, (b) to measure the readout speed, and (c) to

study the cancellation effect of the positive and negative feed-through transients. The size

of the switching diodes was decided arbitrarily to have an area of 100 I.tm x 100 _m which

is 1% o_the area of the pixel detector diode.

5.3.2 Fabrication

Photodiodes and switching diodes were fabricated in the same deposition process

: on the same substrate as shown in the Fig. 5.5.

Initially a Cr layer 30 nm thick was evaporated on a glass substrate. The chrome

was then etched using the first mask to produce the bottom contact layers. Then a-Si:H pin

_ diodes were made by PECVD. The i-layer is 2 _tm thick and the heavily doped p- and n-

layers are each 50 nm thick. Top metal contacts of the diodes were made by evaporating a

Cr layer 30 nm thick. Then the second mask was used to pattern the top Cr layer and to

= remove the a-Si:H layers back to the substrate or the bottom Cr layer. An insulating, or

o passivation, layer of polyimide was spun-on and baked. Using the third mask, contact -

= holes were made through the polyimide onto the bottom Cr layer. Finally, an A1 layer was

deposited and patterned using the fourth mask to draw interconnection lines and test pads.

The A1 layer also covers the whole area of the switching diodes in order to block the

incident test light. One _tm thick polyimide layer is transparent to visible light. The

:_: fabrication process is summarized in Table 5.1. Except _0r the deposition of a-Si:H layers
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(done at LBL), the other processes were ali done at the Micro Electronics Lab in UC

Berkeley.

tt

Gate 2 PolvimideGate 1 - _ r--'---'--
• Cr / Signal

I
"-__' ..".".'ia'Si:H n-i-p i!iii_,1

,,, I I _ ,,

Switching diodes Photodiode

Fig. 5.5 A cross-sectional view of a two-diodes switching readout made at LBL.

Table 5.1 Integration process for a two-diodes switch coupled to pixel diodes

i ii _ i i ii i i .... ni i ii ii iii ] 1

= Step No ................ Step . . . Tarl_et thickness .

-_ .... I -,..... Sputtering of bottom Cr !alter ...... 50 nra. '

, 2 Wet etching of bottom Cr layer with MASK-1i[ i i iii ii jll iiii . i

3 ,. PECVD of a-Si:H n-i-p layers . 50 nm / 2 lain / 50 n m

-" • 4 ........ Sputtering of !opCr layer ....... 30 nm .......

2 5 Wet etching pf top Cr layer.with .MASK-2

-- _ __6 Dry etching of a-Si:H layers with MASK-2
IIIm i II Ii ii I I

- . 7 ............ Spin-coating of polyirnide .., 2 lain __

: ...... 8 Wet etch.!ng of holes,.in pollcirni.'dewith MASK-3ii , ,, , ,,,iii , i li, H j _ .=
_ .B

_- 9 .... Sputtering.of Al la_,er ..... 0.5 l.tm

10 ..... Wet etching of Al layer with MASK-4 t ............

s ..... 11 . Cutting and packaging

12 Wire bond!ng_
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q,

5.3,3 Test and Results

First we measured file forward and reverse current characteristics of the switching

diodes and photodiodes. Both diodes showed the same characteristics and a typical curve

of current normalized to the area is shown in Fig. 5.6. The current on-off ratio at biases of /
: iq

3 V and 0 V was typically 105 The dynamic resistance of the forward biased switching ;'_
• ,,

diodes at 3 V was found to be ~ 7 Ml2 from Fig. 5.6. Under a dc reverse bias of- 5V,

some diodes showed the surface breakdown.

Then we simulated radiation detection using an LED of 880 nm wave-length as the

radiation source in the measurement set-up shown in Fig. 5.7. A reverse operation bias of

the pixel photodiode was set by changing the bias Vr at a large resistor RL( > ~10 MfX)

rather than changing the effective ground potential of the two gate pulses. Thin pixel

photodiodes( < 2 I,tm) can work at Vr = 0 V because of their built-in potential. A short
=

pulse of light was shone on the pixel diode. After a time delay, Td, positive and negative

gate pulses were applied to the two switching diodes respectively. The discharging current

of the accumulated charge in the photodiode was integrate_l by a conventional charge-
_

sensitive amplifier and the output pulse of a CR-RC shaping amplifier was measured by an
x

_- oscilloscope.

From measurements of feedthrough transients directly at the summing node of two

" switching diodes when two gate pulses (positive and negative step pulse) were applied to

- the other nodes of the diodes, we found out that the transient charges could be cancelled up

to ~ 99 % of the feedthrough from a single-diode readout. The cancellation Waslimited by-
,lt

mismatch in shapes of the two pulses and mismatch in impedances of ,,,hetwo diodes and

associated connections. With the present devices, the feedthrough from the diode gate "

-- pulses produced a pedestal that was - 90 % of the full peak height. However it was
z

reproducible from pulse to pulse, allowing accura!e measurement of the signal. The

s transient can be reduced i_:_'_ case of good quality switching diodes with higher on-off
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current ratio by reducing the capacitance of the switching diodes and the magnitudes of the

applied gate biases.

The light signal was determined by subtracting the output pulse height without light
.,t

illumination from the output pulse height with it in order to eliminate the feedthrough

, transient effect. Fig. 5.8 shows the measured output signal as a function of the delay time

Td. The signal drops as the delay time increases. The effective decay time of 17 msec

(signal drops to I/e) is equivalent to ~ 17 Gr2 of reverse bias dynamic resistance since Cd

1 pF. Fig. 5.9 shows the measured output as a function of integration time. The output

signal saturated at 3 ~ 5 I,tsec which agreed well with the discharging time, Tr, of 3.5 t.tsec

_ calculated by the relation

' Tr = _21 × Cdet = = 3.5 ktsec2

where division by 2 is due to the fact that there are two switching diodes.

10-1 _- 1 1 ..... ' 1 ' I _ I w 1' v --

10-2 _

_, 10.3 .-_ ----°'-'-*v---_

_ 10-4 _

.L--, lo-5

- _ 106 t_ -

_ 107

. 10 .9

== "' L,_I0 -lo

- 0 1 2 3 4 5 6

Bias Voltage (V)

Fig. 5.6 Measurement of forward and reverse current density of 2 gm thick pin diode
used for switching diodes.
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G1 _ i

i Generat°r I

. G2' _ Switching !i Diodes i
! ! ,

- - _ i u

Pulse LED ,-- Pixel -- __ -i- T

G1.... ! F__ _RL Charge-G2_ Sensitive Shaping
i Ta l Vr Amplifier Amplifier Oscilloscope

Fig. 5.7 A measurement setup for the signal charge transfer and loss from a pixel diode
using a two-diodes switching readout method.

12 ,
• ' " i' _ J' '1 _ 1 1 1 1 ...... f" l f' ; • _"t"r" I _ 'T _ J _ i , i

1 _-.--------.-.__._._

0.8

<

0.6

0.4
t:xO

L_ • Measurement

0.2 _exp(-t/RC)
4

0 --" I _ _ _ _ f I I II_ . _ .J J J t J , ,I . J___ l__..a_.a_..l...x.a..t

0.1 1 10 100 .

Delay Time, Td (msec)

Fig. 5.8 Measurement of light signal as a function of delay time between the time of
__ incidence of light and the time of measurement. (Measured RC time was 17

msec)
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Fig. 5.9 Measurement of light signal as a function of shaping time of CR-RC shaping
amplifier. (RC time measured was 0.7 p.sec)

5.4 A Poly-Si TFT Pixel Amplifier

A prototype amplifier circuit was designed, fabricated and tested in order to

determine the feasibility of making charge-sensitive pixel amplifiers for a-Si:H pixel

detectors using the poly-Si TFT technology developed at Xerox PARC.[5] In actual pixel

detectors, in addition to the amplifying stage, other signal processing units such as
-

./ sampling, holding and readout switch are necessary but they were not implemented in this

. prototype.

Design requirements for the pixel amplifiers were; (a) small size limited to a pixel

area (b) moderate amplifying gain in order to readout the signal through a large-area

detector array without picking up extra noise, (c) enough bandwidth to respond to a fast

rise of the input current determined by the charge collection in the detector (~ $.tsec), (d) low
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noise to get a maximum signal-to-noise ratio, (e) low power dissipation; and (f) circuit

simplicity for easy fabrication and high reliability.

Large-area poly-Si TFT technology has some limitations in designing an analog
I,

amplifier, namely • (a) transconductance gm of a single TFT is limited by the low field

effect mobility gfe compared to that of a crystalline MOSFET, (b) minimum feature size is

limited by the fabrication process for large-area devices, [6] and (c) no depletion mode TFT

is available.

5.4.1 Design

The prototype pixel amplifier was designed to consist of three stages; the first stage

is a low-noise charge-sensitive amplifier which integrates the signal charge from a detector,

the second stage is a voltage amplifier to give an additional gain and the final stage is a

source follower output stage with small output impedance to drive the readout lines. The

circuit diagram of the test amplifier is shown in Fig. 5.10.

The first charge-sensitive stage consists of an inverting voltage amplifier and a

feedback capacitor.

Two important design concepts for the first stage were; (a) for the maximum open,

_ loop gain the channel length L of the front-end TFr was chosen to be the minimum feature

size (5 gm) and for minimum noise the channel width W (50 I.tm)was chosen to make the

input capacitance of the charge-sensitive amplifier equal to that of an arbitrary pixel

= detector, 0.2 pF. This value is equivalent to the capacitance of an a-Si:H pixel of area 300
_

gm x 300 gm and thickness 50 _m.(b) for the maximum closed-loop charge gain the "

- feedback capacitance must be minimized. "Me capacitor was made using the same dielectric

- used as a gate insulator of TFTs, which was 100 nm thick SIO2. We took, arbitrarily, as
___

_ the capacitor's dimensions, twice the minimum feature size, or 10 p.m, which gave a CF =

0.02 pF. Therefore the effective voltage gain, the ratio of the detector capacitance to the

feedback capacitance, would be ~ 10 when the open-loop voltagegain is large enough.
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The voltage arnplifier is implemented by an n-channel single-ended common-source

poly-Si TFT N1, cascoded with a TFT N2, and a current-source load.J7] Although p-

channel poly-Si TFTs have lower noise, an n-channel TFr was selected as the front-end
,,t •

because its threshold voltage is smaller and more stable than that of p-channel TFTs.

. A cascoded configuration was used to minimize the Miller effect which causes the

gate-to-drain capacitance (overlapping) to be effectively increased by the gain factor,

thereby reducing the bandwidth. The load was designed as a p-channel TFT current source.

This complementary configuration was expected to give a higher gain and more reliability

than a resistive load or n-channel TFr load. Thin-film resistors such as n- or p-doped poly,

Si layers are unstable with time. [8]

Finally another n-channel TFT was connected in parallel with the feedback capacitor

for biasing the input node and reset the amplifier by discharging the feedback capacitor.

o The second stage is an extra voltage-gain stage which amplifies the signal further so that

the amplified signal pulse will reach the external circuit with minimal addition of

perturbation by the extra noise sources such as inter-communication, pick-up noise, etc.

The impedances of the bus line and the external circuit were not considered here, but will

be considered for a more complete design.

S The final stage is simply a source follower stage, which has unity gain and low
-

output impedance, to drive the external load without distortion of the output pulse shape.

, Except for the front-end TFT, the dimensions of the other TFrs and operation

_- biases required by the circuit ts shown in Fig. 5.10 were determined using a circuit

" simulation program, PSPICE* [9] in order to achieve (a) a moderate gain of the second
-

_ stage (~ 10), (b) a maximum gain-bandwidth, and (c) a minimum power dissipation. In the

- program, a simple crystal-Si MOSFET model was used. For example, the drain-to-source

- current in the saturation region is given by the fol!owing Shichman and Hodges model.II0]

* PSPICE is a commercial version of SPICE developed at MicroSym. Corp. Palo Alto.
-
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where X,is the channel-length modulation coefficient, Kp = }.tfego ei / ti and other symbols

are tke same as defined in Chapter 4. The oxide thickness, ti is 100 nm which is a typical

value for the s,andard poly-Si TFT process at Xerox PARC.[5] Table 5.2 shows the input

parameters used in PSPICE for the n-channel and p-channel poly-Si TFTs. Data were taken

from reference [11]. Table 5.3 shows the resultant dimensions of TFTs and capacitors.

Table 5.2 Input parameters of n-channel and p-channel poly-Si TFr for PSPICE

II i i .... ............
' i_,, ' " ::: ,: ,"i_ _ '' ' : '"__ Ty_, , ,, L (t'tm),, Kp (gA/V 2) VT (V) E (V "1) ti (nm) Cov*(pF/btm)

5 0.8 2.5 0.07 100 0.02

n-channel 10 1.5 2.5 0.033 100 0.02

50 2.4 2.5 0.02 100 0.02
i iiiiiii i iiii iiii i iiii i i i i

- p-channel. 15 .. 0.4 -2.5 0.01 ..... 100 0.02

* Coy is the gate-drain or gate-source overlapping capacitance per unit gate width.
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i. _ - ii

I___1

._

N----7- 23
-- Fig. 5.10 The schematic circuit diagTam of the prototype poly-Si CMOS charge-sensitive

pixel amplifiers for a-Si:H pixel detectors. Each square with node numbers
represents a test pad. N and P stand for n.-channel and p-channel TFTs, and C
stands for capacitors.

2

Table 5.3 A list of components and their dimensions Table 5.4 Nodes
.

N 1 Front-end TFT W/L = 50/5 _m 1 Bias Vdd

_ N2 Cascode TFI' W/L = 30/5 gm 2 Bias Vp

. N3 Reset switch TI-,'T W/L ,= 10/10 gm 3 Reset pulse

,. N4 Second stage TFT W/L = 50/I0 gm 4 Bias Vc

-- N5 Source follower'ITT W/L = 10/50 lam 5 Input

£ . N6,7 Load of N5 W/L = 10/50 I.tm 6 Test pulse
_

P 1-3 Current source load WB.. = 20/15 I.tm 7 Output

-_ CT Test capacitor Area = 10xl0 gm 8 Bias Vn

= CF Feedback capacitor Area = IOx10 gm 9 Ground

' 10 Output of stage 1
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5.4.2 Fabrication

In order to test each stage, as well as the complete circuit, individually, several

combinations of test amplifiers were fabricated; first stage only, second stage only, and the

complete amplifier with and without the cascode configuration. The complete amplifier,

including interconnection lines occupied an area of 200 I.tm x 100 I.tm which is well within

the target pixel of 300 I.tm x 300 I.tm. On the test chip, we also made individual TFTs

having the same dimensions as TFTs used in the prototype amplifier to check the input

parameters used in the design. The interconnections and test pads were drawn for

convenience and easy identification of components. The test circuit was fabricated using the

standard low temperature poly-Si TFTs process at Xerox PARC. The process is described

in rePrence [5].

5.4.3 Test and Results

(1)

Before the circuit was tested, the individual TFTs were separately tested in order to

make sure the fabrication process was satisfactory, and to find the range of operating bias

voltages for each node.

Fig. 5.11 ~ Fig. 5.14 show the dc characteristics of the n..channel and p-channel

poly-Si TFTs. As seen in the figures, the TFTs show an I-V curve similar to that of crystal-

Si MOSFET in the low bias region (dotted line). In the high bias region, however, the

" short-channel effect makes a kink. in the current a little earlier than in the crystal MOSFET,

: The data are also compared to a poly-Si TFr model (solid lines) developed by Byun et al.

at University of Virginia and Xerox PARC. [12] For these n-charmel poly-Si Tfiq's, the "

onset voltage Vs of the short channel effect was at a drain-to-source voltage of 5 V for L =

5 _m and 6 V for L = 10 I.trn. For p-channel poly-Si TFTs, Vs was 9 V for L = 15 i.tm.

Table 5.5 shows the measured values of some characteristics of individual poly-Si TFTs.
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- Fig. 5.11 I-V Characteristics of n-channel poly-Si TFT. W/L= 50/5 gm.
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= Fig. 5.12 I-V Characteristics of n-channel poly-Si TFI'. W/L= 30/5 gm.
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Fig. 5.14 I-V Characteristicsof p-channelpoly-SiTF'r. W/L= 20/15pm.
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Table 5.5 Measured circuit parameters of poly-Si TFTs

Kp (_/V 2) gfe(cm2/'Vsec) V s (V)2

n-cb TFT 5 2.6 73 1.3 5
. ' iii ii i , i _ iii i i i i_ ilililJ ....... _ i iii i i ii i

• n-ch TFT 10 3.2 90 :.4 6
- . -- i it: ....... !,. i i i i i i ,,.M,i,Ji,w i

p-ch 'ITT 15 0.6 17 3.0 9
............. , , ..

(2) Front-End Charge, S¢nsitive Amplifi_Stagg

Because of the short channel effect, which was not considered at the time of design

and the difference between the design and measured values of the circuit parameters such as

the threshold voltage, the input stage gate bias was supplied separately with a probe during

the test instead of through the reset TFI" N3.

The measured dc voltage swing of the first stage with and without the cascode is

plotted in Fig. 5.15. The dc gain Ao which is the slope of the curves shown in the figure is

~ 11 and ~ 8 respectively with and without the cascode. The cascode configuration gives

better linearity in the dc gain. The closed-loop gain, Ac, of the charge-sensitive amplifier

would be reduced to ~ 7 and ~ 5.5 respectively when it is connected to a detector

. capacitance Cd of 0.2 pF. (See the equation (3.7) in Chapter 3.) The bias conditions are

given in the figure caption.

__ To find the frequency response, a sinusoidal wave with a magnitude 10 mV was

introduced to the input node through an external coupling capacitor (~ 0.01 gF), and the

output wave form was measured at the output node of the first stage (node 10 in Fig.

-; . 5.10). Fig. 5.16 shows the first stage gain with and without the cascode. The measured

3dB cut-off frequency was found to be about 1 and 0.8 MHz into the oscilloscope probe
-

_- load (1 pF + 1 MfX) from the equation for the ac gain A(f) given by

-_ A(f) = Ao
= _/1 + (f/f3cm)2

z

_
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• with cascode

8 o without cascode

6 - • o o
0 o;>

©

2 Oo
o

0 ___ , I ...... 4 1 ..... __® L .....
0.5 0.9 1.3 1.7 2.1 2.5

Input DC Voltage

Fig. 5.15 DC characteristics of the first stage with and without cascode configuration. Void
= 10 V, Vp = 5 V and Vc = 5 V.

C f3dB
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Fig, 5.16 Gain and frequency curves of the first stage with and without cascode
configuration. Vdd =10 V, Vp = 5 V and Vc = 5 V.
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The measured values are equivalent to 3.5 and 2.8 MHz after subtraction of the loading

effect of the probe assuming

f3dB = fm3dB X (CN3 + Cprobc)/CN3

where C_ro_ and CN3are the load capacitance of the probe (1 pF) and the input capacitance

, of the next stage (~ 0.5 pF) respectively.

The overall noise of the amplifier system is governed mainly by the front-end TFT.

The frequency spectrum of noise from the same-sized n-channel TFI's as the front-end Tvr

at the same operation bias was measured using the set-up described in Chapter 4, and is

shown in Fig. 5.17. 1/f noise was found to be the dominant noise source up to the

measured range of 0.1 MHz. Thermal noise was calculated using equation (4.21) with 0 =

2/3 and the measured gm value at the same bias condition. Assuming a CR-(RC) n shaping

network (n = 1 and n = 4), the equivalent input noise charge from the front-end TFT, a

sum of 1/f noise and the channel resistance noise, was estimated as a function of a shaping

time using the equations in Table 4.2 in Chapter 4 and is shown in Fig. 5.18. For the range

of shaping time > 0.1 I.tsec, 1/f noise is dominant and corresponds to ~ 1040 and ~ 970

electrons rms for cases of n = 1 and n = 4 respectively.
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Fig. 5.17 Measured noise power spectrum of the front-end n-channel poly-Si TFT. W/L
= 50/5 gm at Vgs = 1.8 V, Vds = 4 V. (operation bias level), gm= ~ 20 BAN.
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Fig. 5.18 Calculated equivalent noise charge of the front-end n-channel poly-Si TFT as a
-- function of the shaping time for CR-(RC) n shaping amplifier with n = 1 and n =

4. W/L = 50/5 pm and Vgs = 1.8 V, Vds = 4 V. (operation bias level), gm= ~
20 gA/V.
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(3) OverallGain and Band_dth

The measured gain of the second stage was about 10 and the third stage was about

• 1. Fig. 5.19 shows the dc output voltage swing of the second stage as a function of the

input voltage swing of the first stage. The measured frequency responses for the complete
p

amplifier is shown in Fig. 5.20 and are 1 and 0.5 MHz respectively with and without the

cascode. The estimated 3dB cut-off frequencies after calibration of the loading effect of the

probe are 3.5 and 1.75 MHz respectively with and without the cascode by a similar relation
z

- used previously. Therefore from the relation, f3dB x Trise = 0.35, [13] the pulse rise times

are 100 and 200 nsec with and without the cascode.

The dynamic range of the amplifier is determined by the noise level, estimated

previously for the case of CR-(RC) n shaping amplifier, and the range of input voltage

swing before the saturation of the output voltage. The lower limit is arbitrarily defined as
=

the total noise in rms from the detector and the amplifier system and is ,,- 1000 electrons.
_

=

10 ,' 1........ _ I , I ' .........'

= o with Cascode

-_ 8 o without Cascode

o o

--5-5 ,.-,_ 6

4 --

-

_. 0 t___ °_ _j____o _, o I

- 1.3 1.5 1.7 1.9 2.1

Input DC Voltage fV)

- Fig. 5.19 DC characteristics of 2nd stage with and without the cascode configuration.
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Fig. 5.20 Total voltage gain of the complete amplifier with and without the cascode
configuration.

The upper limit is estimated by the maximum voltage swing at the input terminal and is Ctbt

x Vswing / q = 0.4 pF x 0.1 V / 1.6 x 10-19 Coul = 250,000 electrons. Therefore dynamic

range is - 48 dB.

5.5 Discussion

A double diode readout scheme was tested with a-Si:H pin diodes produced by

PECVD directly on the same glass substrate. The measured current on/off ratio was ,--105

for pin diodes 2 I.tm thick, and an integration time of 10 msec and a readout time of 5 l.tsec

was achieved from the dimensions of the prototype devices. The pixel diode and switching

diode area were 1 x 1 mm and 100 x 100 I.tmrespectively. The diodes showed an onset of

surface bre_down at ~ 5 V when the application time of bias was greater than a few msec.

This breakdown occurred at the etched surface of the a-Si:H layer passivated by the

polyimide films. In order to avoid this breakdown, better design will be required, for
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example, making the top area of the metal contacts smaller than that of a-Si:H layers. The

measured reverse current was as good as the best quality pin diodes known but the forward

current was a factor of 102 .-- 105 lower than the best reported. In order to improve the
A

forward conductance, the characteristics of the p- and n-contact layers (doping level,

,. thickness, etc.), as well as the thickness of the i-layer must be optimally determined.

A prototype poly-Si TFT CMOS amplifier was designed and tested, lt consisted of

a charge-sensitive gain stage, a voltage gain stage and a source follower output stage. The

open-loop gain Ao of the f'u'st stage with the cascode was measured to be ,-. 12 and of the

second stage ~ 10. The overall gain-bandwidth product was ~ 400 MHz. When the

amplifier is connected to a pixel detector of capacitance 0.2 pF, it will give a charge-to-

voltage gain of ~ 0.02 mV/electron with a pulse rise time less than 100 nsec and a dynamic

range of 48 dB. From the measurement of the noise-power-spectrum of TFTs, 1/f noise

was found to be dominant noise source up to 10 MHz when it was extrapolated to the point

of intersection with the thermal noise. An equivalent noise charge of the front-end n-

channel poly-Si TFr was estimated, based on the measured 1/f noise and the
.

transconductance at the operation bias point, to be ~ 1000 electrons rms at a shaping time of

1 I.tsec for CR-RC filters. The 1/f noise can be reduced by decreasing the density of the

: interface states between silicon and gate oxide.

For large-area integrated electronic devices, the minimum feature size is usually

= limited by the thermal expansion of the substrate material at the maximum process

temperature.[16] For a glass substrate in the low temperature poly-Si technique, the
_

" maximum temperature is about 650 °C and the minimum feature size is about 5 _m. If

quartz is used as a substrate, the minimum feature size can be reduced to 3 I.tm or less
1.

because of the superior thermal property of the quartz. The smaller the minimum feature

: size, the larger gain that can be achieved. Amorphous and poly-silicon 'I'b-q'sare relatively
_

new devices but of such importance for applications in large-area imaging and consequently

they are the subject of intensive and extensive study worldwide.
.
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Chapter 6 Conclusion

Hydrogenated amorphous silicon has many potential advantages in making

" radiation detectors for various applications in medicine and science. This material is highly

radiation resistant and it can be deposited on large-area substrates. Position-sensitive

radiation detectors can be made out of a 1-d strip or 2-d pixei array of a-Si:H pin diodes. In

the detector array, thin-film-transistors made of deposited a-Si:H or poly-Si on the same

substrate can be used for signal readout and for pixel-level amplifier.

For the design of detector-amplifier system with an optimal signal-to-noise ratio,

the signal formation in a reverse biased pin diode and noise comoponents of the detector

and TFT amplifier system were analyzed in temps of material and operating parameters; the

ionized dangling bond density, the drift mobilities and lifetimes of electrons and holes,

dimensions and operating biases of detectors and TFTs, and shaping times.

The radiation signals were calculated based on a simple charge collection model and

resulted in a good agreement with measurements from sample diodes using various wave-

length light sources and 1 MeV beta particles. These sources simulated three cases of
=

charge generation; a case of uniform generation in the bulk i-layer and two cases of surface

generation, at the p-i and n-i interfaces respectively. Thin photodiode coupled to a CsI(TI)

scintillating layer as well as thick detector layers with multi-buried p-layers can enhance the

signal size from the same radiation.

Noise of a radiation detector-amplifier system was calculated in terms of input

, equivalent noise charge, in order to compare directly with the detector signal. The spectral_

intensities of (a) shot noise and (b) 1/f noise from a reverse biased a-Si:H pin diode, and
_

. (c) thermal noise and (d) 1/f noise of the front-end TFT of a charge-sensitive preamplifier=

were formulated and were convoluted with a transfer function of a CR-(RC) n shaping

amplifier. The reverse current of an a-Si:H pin diode was modelled by the bulk generation

= of electron-hole pairs with the Poole-Frenkel effect (field-enhanced thermal emission) and
=
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was used to calculated the spectral intensity of 1/f noise of a detector diode, which agreed

well to measurements. Noise produced in TFTs was analyzed as a sum of thermal noise

and l/f noise. Measurements of noise spectral power in a-Si:H and poly-Si TFTs showed
'' b

that 1/f noise is the dominant component up to ~ MHz range for both cases.
=

Optimization of signal-to-noise ratio can be done by choosing a proper combination

of operating parameters, for example, dimensions of detectors and front-end TFTs and a

proper shaping filter circuit. Time variant filter such as a gated-integrator with double

correlation sampling can avoid switching transients of readout TFTs and can reduce 1/f

noise from the front-end TFTs of preamplifier.

Signal readout from a-Si:H pixel detectors using transistor- or diode-switching

method was reviewed. Double-diode switching has the advantage of cancelling the

: switching transients and controlling the bias level of the detector diodes. Prototype tests of

double-diode readout demonstrated that the signal charges can be stored in the detector up

to a few msec and can be readout within ~ _sec. This time..scale ratio will limit the

maximum number of pixels for a given scanning cycle. The ratio, which is directly pro-

_- portional to the diode on/off current ratio, will improve with improvement in diode quality.

For pixel-level amplification of radiation signals, a prototype charge-sensitive poly-

Si TFT CMOS amplifier was designed, fabricated and tested, lt consisted of a charge-

-- sensitive-preamplification stage, additional gain stage and an output stage. Measurements

__ showed that the overall gain-bandwidth product Was - 400 MHz. When the amplifier is

connected to a pixel detector of capacitance 0.2 pF, it would give a charge-to-voltage gain

of- 0.02 mV/electron with a pulse rise time less than 100 nsec. An equivalent noise charge •

= of the front-end n-channel poly-Si TFT was ~ 1000 electrons at a 1 gsec shaping time for a

= simple CR-RC f'flter. The estimated dynamic range is ~ 48 dB.
_

__ The simple analytical expressions of signal and noise of a-Si:H pin detectors and a

poly-Si TFr amplifier system derived here can be used quickly and conveniently when

designing an a-Si:H radiation detector system such as a pixel detector.
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Appendix A. A Program for Charge Collection and Signal Formation

C

, c SIGNAL.FOR Jun. 01,89
c
c This is a program to calculate (1) the cb._rge collection efficiency

, c in the case of the uniform charge get,era'ion irt a-Si:H p-i-n detector
c and (2) the output signal pulse height after an ideal charge-sensitive
c preamplifier and RC-CR^N filter.
c
c Gyuseong Cho

, C

C

double precision vmin,vmax,eo,esi,eps,qe,ue,ute,uh,uth,te,th,
* d,dbd,ts,t,Ea,V,Va,ro,Vcd,w,Y,tn,tp,to,fn,vn,exp,FAC,sqrt,

* cole,colh,colt,cure,curh,curt,sie,sge,sih,sigh,sigt,X(100)
C

- c Material data and unit conversion
C *********************************** _**** ******************** ********

. C

c UNYI' for calculation [um] [usec] [V]
= C

; data esi/11.8/ ! [ ]
data eo/8.854e-14/ ! IF/crni
data qe/1.6e- 19/ ! [Coul]-

data ue/1.2/ ! [cm^2/Vs]
data ute/1.e-7/ ! [cm^2_]
data uh/0.004001/ ! [cm^2/Vs]
data uth/1.2e-8/ ! [cm^2/V]

_- eps = 1.e-4*esi*eo ! [F/um]
te = 1.e6*ute/ue !Ius]
th = 1.e6*uth/uh ! [us]_

ue = lO0.*ue ! [um^2fVus]
- uh = 100.*uh ! [um"2/Vus]

C-

-_ c Input data

C

- C

- - write(*,*)' '
write(*,*)'Input the variables !'
write(*,*)' '

write(*,*)' d dbd Va Ts n'
- write(*,*)' [um] [el5/cm^3] [Volt] [usec] [ ]'

_ write(*,*)"

_ read(*,*) d,dbd,Va,ts,n
-,, V=-Va

_

- !4!
-

--_
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t=ts
C

write(*,*)"
write(*,*)' Main variable ? Input No from the list below.'
write(*,*)"
write(*,*)' l=Va, 2=Ts, 3---d, 4=dbd, 5=Ea, 6=t, 7=n'
write(*,*)"

read(*,*) iop
c

write(*,*)"
write(*,*)' Mode (0=auto, l=manu) & Number of input data = ?'
write(*,*)"

read(*,*) imd,ifn
if(imd.eq. 1) go to 11
write(*,*)"

write(*,*)' Minimum (>0) and Maximum = ?'
write(*,*)"

read(*,*) vmin,vmax
do 10 i= 1,ifn

10 X(i) = vmin 4. ii- 1)*(vrnax-vmin)/(ifn- 1)
go to 12

11 write(*,*)' '
write(*,*)' List of data = ?'
write(*,*)"
read(*,*) (Xii), i=l,ifn)

12 continue
write(*,*)' '

C

c Calculation

C

open(5,file='sig.dat',status='new')
c

do 40 i= 1,ifn
c

if(iop.ne. 1) go to 21
v =-xo)
go to 30

21 if(iop.ne.2) go to 22
ts = X(i)
t=ts
go to 30

22 if(iop.ne.3) go to 23
d =Xii)
go to 30

23 if(iop.ne.4) go to 24
d_ = x(_)
go to 30

24 if(iop.ne.5) go to 25
Ea = Xii)
V =-d*Ea
go to 30

25 if(iop.ne.6) go to 26

142



t= X(i)
go to 30

26 if(iop.ne.7) go to 27
N = X(i)
go to 30

27 write(*,*)' Failure due to wrong option'
, stop

c
30 continue

• m = lO00.*dbd ! [#/um^3]
Vcd = - qe * ro * d**2 / ( 2 * eps ) ! full depletion voltage
w = sqrt( - 2.* eps * V / ( qe * m ) )
Y = w/d ! depletion parameter
tn = eps / ( ue * qe * ro )
tp = eps / ( uh * qe * ro )
to = ts/N ! Real device RC time [us] to get peak at ts
Fn = (N/exp(1.))**N/FAC(N) t Voltage output from test pulse
Vn = exp(-t/to) / ( to**N * Fn) ! normalizing const

C

call COLL(t,tn,te,Y,cole,cure)
call COLL(t,tp,th,Y,colh,curh)
colt = cole + colh
cold = colt*d
curt = cure + curh 1induced current shape
call SIGNAL(t,tn,te,to,Y,N,sie)
sige = Vn*sic
call SIGNAL(t,tp,th,to,Y,N,sih)
sigh = Vn*sih
sigt = sige + sigh

c
write(*, 101 )X (i),cole,col h,colt,c old,si ge,si gh, sigt
write(5,101 )X (i),cole,colh,colt,cold,si ge,sigh,sigt

101 forrnat(1 x,f7.3,7(1 x,f7.4))
c

40 continue
write(*,*)"

C

stop
end

C

C

C ********************************************************************

Subroutine COLL(t,tr, tl,Y,col,cur)
t C *********************************************************************

C

double precision t,tr,tl,y,col,cur, a,b,exp,log,tt,tm
' A = (tr + tl)/(tr*tl)

B = (tr- tI)/(tr*tl)
If(Y.gt.1.) go to 10
Col = (1./2.)*Y*'2 * (1.- exp(-A*t))/(A*tr)
Cur = (1./2.)*Y*'2 * exp(-A*t)/tr
go to 20

10 continue
tt = tr*log((Y**2 + I.)/(Y**2- 1.))
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tm = dmin 1(t,tt)
Col = ((Y**2+l.)**2*(1.-exp(-A*tm))/(A*tr) -

* ('Y**2-1.)**2*(1.-exp(-B*tm))/(B* tr) )/8.
Cur = ((Y**2+ 1.)**2*exp(-A*tm)/tr -

* (Y**2-1.)**2*exp(-B*tm)/tr )/8.
if(Cur.ge.0.) go to 20
Cur = 0.0 0

20 continue
return
end

C

Subroutine SIGNAL(t,tr,tl,to,Y,N,sig)

C

double precision t,tr, tl,to,Y,sig,a,b,aa,bb,yy,ya,yb,tt,log,
* SERI1,SERL2

C

A = (tr + tl)/(tr*tl)
B = (tr- tl)/(tr*tl)
AA =-A + 1./to
BB =-B + 1./to
If(Y.gt.1.) go to 10
YY = Y**2/(2.*tr)
sig = YY*SERI 1(t,AA,N+ 1)
go to 30

10 continue
YA = (Y**2 + 1.)**2/(8.*tr)
YB = (Y**2 - 1.)**2/(8.*tr)
tt = tr*log((Y**2 + 1.)/(Y**2 - 1.))
if(t.gt.tt) go to 20
sig = YA*SERI 1(t,AA,N+ 1) - YB *SERI 1(t,BB,N+ 1)
go to 30

20 continue
sig = YA*SERI2(t,tt,AA,N+ 1) - YB*SERI2(t,tt,BB,N+ 1)

30 continue
return
end

C

Function SERI 1(tl,C,N)

C

double precision SERI1,FAC,serl,ser2,exp,C,tl '
serl = exp(C*tl)/C**N
ser2 = 0.0
do 10 i= 1,N -

10 ser2 = ser2 + tl**(i-1)/(FAC(i-1)*C**(N+I-i))
SERI 1 = serl - ser2
return
end

C

Function SERI2(t,tt,C,N)
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C

double precision FAC,serl,ser2,SERI1,SERI2,t,tt,c
serl = SERII(tt,C,N)
ser2 = 0.0
do 10 i= 1,N- 1

, 10 ser2 = ser2 + SERII(tt,C,i)*(t-tt)**(N-i)/FAC(N-i)
SERI2 = ser1 + ser2
return

, end
C

Function FAC(K)
C ********************************************************************

C

double precision fac
FAC= 1.
if(K.eq.0) go to 20
do 10 i= 1,K
FAC = FAC * i

10 continue
20 continue

return
end

=

2
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Appendix B. Charge Collection Efficiency in a Multi.Buried-Layer Detector

B. I Detector Structure and Symbols
t

A schematic diagram of the structure of a multi-buried-layer detector (MBLD) is

shown in Fig.B.1. Heavily doped p+- and n+-layer work as blocking layers of the

injection of electrons and holes from contacting metals to the interaction region

respectively. The main interaction region consists of equally spaced N+ 1 i-layers and N

slightly doped thin p-layers in sandwich structure. Let's define some symbols for the

convenience in deriving the charge collection efficiency.

Nd* • ionized dangling bond density in a unit i-layer

B • ionized boron density in a unit p-layer

13 • ratio of to Nd* to B = Nd*/B

d " thickness of a unit i-layer

s • thickness of a unit p-layer = d

L • total thickness of the interaction layer = (N+l)d+Ns = (N+ 1+Nl3)d

FM " maximum electric field strength

Fm " minimum electric field strength

V • applied bias voltage = L(FM + Fm)/2
_

R • ratio of FM to Fm = FM/Fm

The relation between FM and Fm is

- FM = Fm + _q-Nd x d -- F m + 8d = RF m
: Eo£asi

Electric Field F FM

1_ i-layer

. P+ p-layer p-layer s n+

-_ Fig. B.1 A schematic diagram of a multi-buried layer detector.

_
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B.2 Analysis in a Unit i.layer

(1) Collection of electrons unifon_fly generated in a unit i-layer
!

In a unit i-layer of thickness d, the electric field distribution F(x) is

_' F(x) = Fm " FM.x + FM = - _5x + FMd

therefore the drift velocity as a function of position x is

v(x) = ].qF(x) = -_l,i_ix+_iFM

where I.tiis the electron drift mobility in the i-layer.

The velocity of electrons at a time t, generated at X=Xoat a time t=O, is obtained from the

above equation using the definition of v(x) = dx/dt = V(Xo,X)= V(Xo,t)

V(Xo,t) = (- [.ti _ Xo + _i FM)exp(- [.ti _ t)

and also the transit time of the electrons from X=Xoto x=d is

: To = dE..... 1 Fm _
V(Xo,X) = "_i"8" lo '_ _ Xo + FM _i

o-

where Ro is defined as

-- Ro - "_Sx°+FM
Fm

The transit time T of electrons from x=0 to x=d is

-_ T = To(xo=0) - . _i _ _._ la.i5

_ If xi is the lifetime of electrons in the i-layer, the survival probability o: of electrons for a

time t after their generation is

, ct(t) = exp(- t,/'l;i)

then the effective travel distance of electrons generated at X=Xoduring transit time To is

- ioS(xo) = or(t) V(Xo,t)dt

-- " " 0

I..ti'Ti

147



= "Sx.__A{R(o-1-1/8_izi), 1}
-8. l__k.

_i_i

=
I5 1

_l,i'l;i

Fm t o-,IR{_)-Ro 1
- -8(I +_)

where _i is defined as _i = 1/(81-tixi)•

The contribution of charge collection due to the collection of electrons uniformly generated

in the unit i-layer of thickness d is

f; _ S(Ro)dRoX,i- S(xo)dxo = 8

__ R2 - 1/Fml2_._j__1_ I- R(l-_i) +
I 8 }(1 + Li) 1-Li 2

__ d2 2 l-R(14i) +._ . .....
1-_ 2(1+_)

(2) Ratio of the escaping electrons to the generated electrons in the i-layer

f;f;+Zi = e(To) dxo = exp( ) dxo

I

= -F_[ R(o-I/8,,,i)dRo = F-F-'mR(I" _i)--I
8JR 8 x 1-:_i

= __K_x R(_"_i). 1
R-1

(3) Escaping probability of electrons from x---0to x=d is

Pi = efr) = exp(a,tT) = R"

(4) Effective travel distance of electrons from x=0 to x=d is
8

Si = S(Xo=0) = _----d--_{R("_)- R}
, (1- RX1 + Li)
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B.3 Analysis in a Unit Buried p-layer

The a, alysis of charge collection and transit in a unit p-layer can be done by simply
!

replacing d, R, _i, with s, l/R, _p (_p =-[3/(_[.l.p_p)).

, (1) Collection of electrons unifbrmly generated in a unit buried p-layer

= s2 !_:_g(14.} Ra - 1
Zp tR-1J 1.'_p2- + 2(l'"'+_p)

(2) Ratio of the escaping electrons to the generated electrons in the p-layer

zp =
R- 1 l-_p

(3) Escaping probability of electrons from x=0 to x=s is_

Pp = Rtp

(4) Effective travel distance of electrons from x---0to x=s is

. Sp = S(xo=O) --(R-lS)( R +_p){R(_)- R "1}

B.4 Electron Collection Efficiency in the Total Interaction Region

The collection efficiency of electrons in the total interaction region is the sum of collection

efficiencies from every i- and p-layer.

(1) Collected charge due to electrons generated in the # 1 i-layer is

_ _i-i = Contribution due to the transit in #1 i-layer
+ Contribution due to the transit in #1 p-layer of survived electrons from t#1 i-layer
+ Contribution due to the transit in #2 i-layer of survived electrons from #1 p-layer
+ ......

- , + Contribution due to the transit in #N p-layer of survived electrons from #N i-layer
= + Contribution due to the transit in #N+I i-layer of sm'vived electrons from #N i-layer

. = Zi + ZiSp + ZiPpSi + °°" + ziPN'IP_i is p + ziPNP_i "lsi
N-1 N-1

: = Xi + Zi E (pipp)ixSp + Zipp E (pipp) i×Si
_ i=0 i=0
-= N-1

I _ = Xi + ZitSp + PpSi)x E (PiPp) i
_ i=O

_
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(2) Collected charge due to electrons generated in the #1 p-layer is
N.1 N-2 >0

Zl-p = Xp + ZpSi× _ (PiPp) i + ZpPiSp E (PiPp)i
i=0 i=0

$

(3) Total collected charge due to ali electrons in the interaction region

_tot = Xl-i + Xl-p + X2-i + "'° + XN-p + 2N+l-i
: N+I N

= E _K-i + _ _K-p
K=I K=I

-- N+I[- K-1

= _ ]_i+Zi(Sp+PpSi)Xi_o(PiPp)i 1

N-K N-1-K > 0

+K_=I Xp + ZpSi×i_ 0 (PiPp)' + ZpPiSp i_0 (PiPp)i

, N+I 1-(PiPp) s +1]
= (N + 1)Zi + Zi(Sp + PpSil 1 - PiPp (1 - PiPp} 2 J

N Zp(Si + PiSp) , I-(PiPp) N

+ NXP+ I-PiPp -Z_i(PpSi+ Sp}i'1- PiPp)2

(4) Normalized electron collection efficiency is

rle = 2 x Xto----!t
L2

: where the factor two is due to the fact that tie is nomaalized to the complete collection of

--- electrons only.

_

I1

4
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Appendix C. A Summary of Thermal and Field-Enhanced Emission Rates

C.I Dirac Well
J

C, 1.1 Thermal emission

l-dimensional thermal emission

eTH = COoexp[-Ei/kT]

where Ei = Ec - Ef

3-dimensional thermal emission

same as the above

C,1.2 Tunneling

1-dimensional tunneling

3h

where

-- )2/3
3qh xF

= U - 4_

: 3-dimensional tunneling

eru= --U-=(E_ii)2exp {.(___)3/2}- 6h

for Ei >> U

- C. 1.3 Phonon-assisted tunneling

1-dimensional phonon-assisted tunneling

- ° err = e,m(E) x exp /2
Ei

= 3-dimensional phonon-assisted tunneling

7 err = e,m(E) x _E !
: Ei

_
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C.2 Coulomb Well

C.2.1 Poole-Frenkel emission

1-dimensional Poole-Frenkel emission

epF = eTHexp[ T] '

where "/ = AE / kT = [Spl_'/1:r / kT

3-dimensional Poole-Frenkel effect

Hartke model ; neglect the barrier increase in the opposite direction

epF = eTH {Y'2[(Y- 1) x exp(y) + 1] + 0.5}

Hill model ; include the barrier increase in the opposite direction

epF = eTa{2 cosh(T) sinh(T)}

C.2.2 Tunneling

l-dimensional tunneling

U I I_/2
U {__.__)3/2[1 (@ii)5/3]}

3-dimensional tunneling

eTU= ---_[U' 2 exp { (-_J-/3/2 5/3]}6 h'Ei/ "'U/ [1 " (E_ii)

C.2.3 Phonon-assisted tunneling

1-dimensional phonon-assisted tunneling

fEi AE 5/3
efr= ! eTn(E)xexp/-{_)3/2[1-(--E-- ) ]}k_

_- JAEi
I

3-dimensional phonon-assisted tunneling

li'err= eTH(E) x {Ut2/3x exp 1-(_-)3/2[1,El (E_)5/3]} k_TT
Ei

=

_

_
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Appendix D. Derivations of Noise Power Spectra

D.I Definition of Spectral Intensity
$

_t Let X(t) is a stationary random process for 0 < t < T, using a Fourier expansion, X(t) can

be rewritten by
OQ

X(t) _ an exp0 mn t)

where COn= 2xrffT and n = 0, 5:1, :t:2, ...

The coefficient an is

= lTJT X(t) exp(- j oN t) dt
an

__ The spectral intensity Sx(f) is defined as

lira *
Sx(f) - T.,.. 2 T anan

where an* is tile complex conjugate of an.

Sx(f) also can be written from the Wiener'Khintchine theorem

SX(0 ,_ 2 Ii X (t)X(t"_S) COS(COS) ds

I]= 4 X(t)X(t+s) cos(ms) ds

4

- D.2 Shot Noise
2

2

,- Let Io is the average flow of current through some region for a time T, then the average

- number of charges crossing the region boundary is
- Io

- N =-q-T

where q is the electron charge.
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Assuming the Poisson statistics, the fluctuation in N becomes

AN - CN.

The charge associated due to the fluctuation is
%

_ •

AQ = qz._N --- qqN

and the fluctuation in the observed current is i

A__QQ qqN
F'-"¢"-.

-- - - 5/-qT T

If AI(t) is a stationary random variable having the average Alo over an time interval T i.e.,

then the low frequency spectrum is

1lm2 T AI_ liraSaI(o) =-"r.,,. = v-_. 2 T AI2o= 2 q Io

D.3 Generation-Recombination Noise

=

Let's consider recombination centers having a decaying characteristic time constant x. If N
_

is the average number of electrons in the recombination center at steady state and AN is the
=

fluctuation of N at t = 0 then AN(t) at a time t is

AN(t) = z_N × exl_- t/l;]
=

The auto correlation function is

AN(t)AN(t+s) = ANZexp(- s/'_)

Then using the Wiener-Khintchine theorem the spectral intensity is

-_ I S _N (f)"_"_ 2 Ii aN(t)AN(t'_s) c°s (_s) ds

- = 4 AN2 exp(- s/x) cos(_s) ds
_

ANz-_ --- 4 '_
- I + 0.)2'1:2

,

_
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D.4 Thermal Noise in a Resistor

Consider an RC network with a thermal noise source VR(t) associated with the resistance R

as shown in the Fig. D.1 where R is a noiseless resistance. C is an ideal capacitor of which

L impedance is 1/j¢.oC.Then the magnitude of rms voltage across C is given by

- ....V (O
1 + to2R2C2

The total rms voltage across the capacitor is then

V2rms= _ V2(f) df = _----_V2 (_-_-.- de1 + ¢.o2R2C2

This integral is only converging when VR(f) is independent of f therefore if we assume

that, then-

I/_. 1 de - V2 [tan "1 tan "1(o)]V2rms= V_ 1 + to2R2C2_ 2nRC
(**)-

2 r_ -, V2

2nRCL2 "J 4RC

Now consider the total energy associated with a voltage V across a capacitor which is

_ C2V/2. Fluctuations in this energy is calculated from the equipartion of energy given by

- LCV2rm._ = 2LkT2

therefore

_ V_ = 4kTR

Noiseless R

_ R . C Vc
vR(0 i,

_ !

: ===_= im_ V

2 Fig, D.1 RC network and equivalent circuit for a thermal resistive,.noise analysis.
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Appendix E. Evaluation of ENC for a CR-(RC) n Filter

E.I Gain of CR-(RC) n Filter

For CR differential circuit, Vin(t) and Vout(t) has a relation

dVout(t) + ._!....Vout(t) = dVin(t)dt RC dt

Laplace transform is

sVout(s) + a Vout(s) = s Vin(s)

where a = 1/RC.

Therefore the transfer function is

Vo,t(s) =GCR(S) =
Vin(s) s+a

For RC integral circuit, Vin(t) and Vout(t) has a relation
dVout(t)

+ R-_-CVout(t) = ....1.._Vin(t)dt RC

Laplace transform is

sVout(s) + a Vout(s) = a Vin(s)

Therefore the transfer function is

Vout(s)GcR(s) - ... -=
Vin(s) s + a

The net transfer function of CR-(RC) n filter (one CR and n RC circuit) is

Vout(s) ._ s anGn(s) - = - ---
Vin(s) (s + a)n + 1

J

Output to a step input is

Vout(s) = Gn(s) x Vin(s) =Gn(,_) x L = _n _
s (s + a)n+ 1

Therefore output in time domain is
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(a t) n e-at
Volt(t) = - '''L'ltVo_t(s))= n!

The peakof theoutputpulseis obtainedby
dVout(t) = 0 at t =

dt

thenx = n/a = nRCandis ca*ledthe peakingtimeor theshapingtime.

t The peak of the output pulse to a unit step input is a gain by definition and is given by

An _ Vout(X) = (a x) n e"a'¢= (n) n e"nn! n!

E.2 Transfer Function in Frequency Domain

The transfer flmction of CR differential circuit in the frequency domain is

G2R(to ) = _2 = [_ -R 12 0)2,

where Z is the impedance, to = 2ttf, and a = 1/RC.

= The transfer function of RC integral circuit is

- G_c(to ) = Z_to,t]2 = jtoC...l_ =-- +a2
R + jco?2_I a2 to2

Therefore the net transfer function of CR-(RC) n filter is

: Gn2(to) = _ a2n to2
: (a2+co2p+1
=

_

E.3 Input Equivalent Noise Charge
_

-

= If the noise input power has a form

<v__> = K__m_m
=- " Af tom

: where Km is a constant and m is an integer then the noise voltag: output is=

fl
OO

= = _.__._2n 0)2<V2ou,> <v2n> G_(to)df Km.× ...........
- tom (a2 + to2_+ 1 2_
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The input equivalent noise charge N with a total input capacitance Ctot of a preamplifier is

q2 AZn

where q is an electronic charge and An is the gain obtained in the above.

Then

Io"a2n e2n (n!)2 ,. _2-mN2 = Km C_totx do
2n q2 n2n (a2 + to2p +1

For m = 0 (thermal noise of TFT and series resistance)

f_ ..... °3,2..... dto = x (2n)!(a2 + c02)_+1 (2n- 1) 22n+1(n!) 2 a(2n- 1)

For m = 1 (1/f noise of TFT)

'*_,O = _

1do
(a2 + co2)n+l 2 n a(2n)

For m = 2 (shot noise of detector)

f_ _ 1 _ dto n (2n)!
(a2 + to:)n+l 222n (n!) 2 a(2n . 1)

For m = 3 (1/f noise of detector)

f__l ...... do,= I--×I _1 ----_:zi lh'a2 + _2t7to(a 2 + co2)n+l 2 a(2n+2) i= i{a2 + 602)2 I 032 ]J

The last term in the bracket goes to ,._when to approaches zero. To avoid the divergence,

we will use o._in instead of zero. Then approximately

f0............. = 1 .__.a._} jl dto = 1 × 2 In ]
co(a: + to:)""] 2 a(:n . 2) _ i= _a(:_+ 2) x n(tomin

/

where cois found from the relation

comin = 2Xfmin = cooexp[(Ef- Ec)/kT]
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= 1012 exp(- 0.9/0.025) _ 2.32 x 10.4

For a reasonable range of a = n/z corresponding to a typical shaping time 't, the summation

in the bracket is negligible compared to logarithmic term,
t,

Therefore the input equivalent noise is

_t n (2n)! e2n

2_ q2 2 _n - i)22n n2n x

N_ = KIC_t°tx((n!)2e2n): 2rc q2 2n n 2n

N2 K2 C_totx ( r_ (2n)! e2n )
-- - ×'1;

2_ q2 2 n 22n n2n

_ _ × lr_,_ fOmin ) ×2g q2 n 2 n2n_

=

Generally we can write
=

- N2,n = _ × Fm,n x xm" 1
-- 2rc q2

_ and the values of Fm,r)for CR-RC and CR-(RC) 4 are listed in the table below.

- n=l n=4

- _ m -0 (thermal noise) 2_ x 0.9236 2_ x 1.023

= m = 1 CFFT 1/f noise) 3.695 3.275

_ m = 2 (shot noise) ...... 2r_.X0.9236 ...... ,2_ x 0.4478 ......

- m = 3 (detector 1/f noise.) 7.389 x ln(1/,_m) _ 1:637 x ln(A./'___m)_
z
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Appendix F. Time Domain _;nalysis of a Gated-Integrator Filter

The time domain analysis of step noise and delta noise for a gated-integrator filter
,d

will be given here. If unit-amplitude noise steps occur randomly but with an average rate

ns/sec then the average number N of noise steps in dt is N ---nsdt. The mean square ,1

fluctuation in N is also equal to nsdt because of Poisson statistics, Noise step occurring at a

//: time t (measured backward) before a m_asuring time has an effect on the base level of the
/, '

.,t ....
/ ,, signal at the measuring time, defined as R(t). Then the mean square effect on the signal due

to N noise steps in dt is equal to:

ns R(t)2 dt

Then ali noise steps having occurred before the measuring time are integrated together to

find the mean square fluctuations in the noise at the measuring time Tta.

fo o so,  ex-
where A is the output amplitude due to an input step with an unity magnitude.

Similarly a noise index can be defined for delta noise. Delta noise can be considered

as a step noise of with a magnitude proportional to 1/At followed At later by a negative step

function with the same magnitude. Therefore its noise effect will be

lR(t) - _tR(t- At)

For At approaches 0, this function is a differential of R(t). Delta noise residual function is

R'(t).

foDelta Noise Index = R'(t) 2 dt

l

_" If a square current ir_putpulse with the height V and a duration time T is fed into a

_ gated integrator filter with an integration time TI then the output voltage pulse would be a

n'apezoidaI shape with a rising time Tr = T and a flat-top duration Tf = TI - T as shown in

2 the figure below. The time at which we measure the signal is called a measuring time Tm.
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The step-noise residual function R(t) is obtained by a convolution of the the

rectangular pulse of width T with another rectangular function of width TI. Once R(t) is

obtained then R'(t) also can be found by a differentiation. The output signal shape, R(t),

R'(t), R(t) 2 and R'(t) 2. are shown in the figure below. Now using the noise index

equations for step noise and delta noise and assuming A = 1, both noise indices are
=

<Ns2> = T- TI/3

and

<Na2> = 2/T

T

" _ i| ii1 i

-.
: V--I
' Input pulse - : - ......... _ ..,.-_ Thnae

(forward)

R(t) -- .... _ .... Time
(backward)

lfr -----

1
.[ .. ii i i l li

_ t 2 j_ R(t) ...._: .... ,,_

i 1/T2 ,- :._

' l_(t)2 ....... _ 1___ _ ........ __ _

Fig. F.1 Timing diagram of a gated integrator showing input pulse, output signal, R(t),
- R'(t), R(t) 2 and R'(t) 2. (Ref. F, S. Goulding, "Pulse-Shaping in Low-Noise Nuclear
2 Amplifiers: A Physical Approach to Noise Analysis," Nuc. Instr. Meth., 100, 493 (1972).)
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