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SUMMARY

Obiective;

The objective of this research program is to fabricate efficient, 
stable, single junction amorphous si1icon:hydrogen p-i-n solar 
cells by ultraviolet photo-dissociation of disilane at growth 
rates exceeding O.lnm/sec. The primary goal of the research to 
date was to fabricate 7’/. p-i-n solar cells by photo-CVD.

Discussion;

Ultraviolet photolysis of mercury-sensitized disilane was 
selected for depositing a-Si:H films for materials 
characterization and device development. Several reactor designs 
were evaluated with primary emphasis on avoiding window fouling.
A novel reactor was designed and constructed. The reactor 
includes a UV transparent moveable Teflon curtain to minimize 
deposition on the reactor window. UV light is provided by a low 
pressure mercury grid lamp. Two reactor systems were built. The 
design and construction of the reactor systems included 
provisions for safe handling of toxic and flammable gases.

Depositions of undoped a-Si:H were carried out over a range of 
deposition conditions using both silane and disilane diluted in 
He. Other reactor conditions included: flow rates, 10-20 seem; 
reactor pressure, 5-15 torr; mercury partial pressure, less than
0.01 to 0.03*+ torr; substrate temperature, 200-280oC. Undoped 
films were deposited at rates up to 0.10 nm/sec on a variety of 
substrates for characterization of electrical and optical 
properties. A systematic study of the influence of substrate 
temperatures yielded intrinsic a-Si:H films deposited at 240°C 
having bandgap = 1.85 eV, o-p = 2.5 xlO~® S/cm, 2x10® and
E« = 0.6*+eV.

Doped, n- and p-type, a-Si:H films were deposited by photolysis 
of Hg-sensitized silane and disilane. P-type a-Si:H films with 
E« = O.AeV and <Tc up to SxlO-® S/cm were obtained by adding 0.5-
3.0 vol Y* BeHs, to the silane or disilane. P-type a-SiC:H films 
were deposited with 10 to *+0*/. methylsilane in silane. The best 
films of this type for cells had a dark conductivity of IXIO-® 
S/cm and EA=0.38eV at a bandgap of 1.9eV. N-type films with E« = 
0.25eV were obtained by adding 1-2 vol */. PH3.

Devices with the configuration g1ass/TCO/p-i-n/metal were 
fabricated using photo-CVD a-Si:H layers. Cell areas of 0.09 cm2 
were defined using photo-lithography. Cell testing was performed 
with 87.5 mW/cm2, ELH illumination. The highest cell efficiency 
was achieved with an Ag/Mg/Al contact and a 300nm thick i-layer. 
Following 1 hour of heat treatment at 150°C in air, the cell 
efficiency was 6.4*+*/. with: Vt.^ = . 644V, J«>c; = 12.9 mA/cm2 , and

viii



FF=67.9*/.. Voltage bias had little effect on the quantum 
efficiency from ^00 to 700 nm. This together with the relatively 
high FF indicates negligible collection losses due to electron- 
hole recombination. The open circuit voltage which is lower than 
expected from the measured film properties, may be limited by 
impurities or insufficient doping of the thin p- and n-layers or 
by poor p/i interfaces such as due to boron tailing.
Future work will include optimizing doped layer conductivity, 
reducing residual gases, especially HK0 in the reactor, 
optimizing i-layer thickness and properties, enhancing i-layer 
deposition rate and characterizing photo-CVD reactor kinetics.

Summary:

- A novel photo-CVD reactor which minimizes window 
fouling was designed and constructed.

- Intrinsic a-Si:H films were deposited and 
characterized.

- N-type and p-type a-Si:H and p-type a-SiC:H films were 
deposited and characterized.

- A glass/TCO/p-i-n/metal photovoltaic cell with 
6.4*/. efficiency (87.5 mW/cm52,ELH) was fabricated 
by photo-CVD.



SECTION 1.0

INTRODUCTION

Chemical vapor deposition techniques, in particular plasma 
enhanced CVD, have been used to produce high efficiency a-Si:H 
p-i-n devices. Several research groups have reported devices 
with over 10*/. efficiencies using the plasma enhanced CVD (glow 
discharge) technique. Further development of a-Si:H devices to 
the point where they will make a contribution to U.S. electrical 
energy production requires additional research directed to 
increased efficiency, improved photo-stability, and translation 
of scale to commercial production.

Research on alternate deposition techniques(1) is likely to lead 
to improved understanding of the relationships between deposition 
processes and material properties. Technical options for 
achieving the properties needed for higher efficiency and long 
term stability can be expected from such research. Furthermore, 
understanding of the fundamental chemical processes which govern 
film growth are required for efficient translation of scale.

A relatively new technique for depositing a-Si:H is photo-CVD. 
Photo-CVD utilizes ultraviolet light to initiate decomposition of 
silane or disilane. There are several reports of photo-CVD of 
a-Si:H. These include direct photolysis at lB5nm using disilane 
(2), and mercury sensitized photolysis at 254nm from silane (3) 
and disilane (4,5). Recently, an 11.2'/. efficiency a-Si:H p-i-n 
photovoltaic cell, fabricated by photo-CVD, was reported (£>).

The best reported results from both materials properties and 
device efficiency points of view have been achieved using mercury 
sensitized photo-CVD. Photo-CVD is the best alternative deposi­
tion technique for preparing high quality intrinsic and doped 
materials, for fabricating devices and for studying fundamental 
materials/preparation relationships.

Although the reported film quality and device results using the 
photo-CVD process have been comparable to those of glow 
discharge, the primary method of preventing deposition on the UV 
transparent window is to coat it with Fomblin oil which limits 
the deposition time and makes quantitative analysis of the 
reactor difficult. In this report we describe a novel photo-CVD 
reactor which utilizes a moveable Teflon curtain to minimize 
window fouling. Depositions and characterization of device 
quality intrinsic and doped a-Si:H layers are described.
Finally, the fabrication and analysis of p-i-n solar cells 
fabricated by photo-CVD are reported.

1



SECTION 2.0
MATERIAL PREPARATION AND ANALYSIS

Intrinsic and doped (both n- and p-type) hydrogenated amorphous 
silicon and amorphous silicon-carbide films were grown by 
ultraviolet photo-CVD using mercury sensitized disilane. While 
several reactor designs were consideredj a novel reactor 
utilizing a UV transparent moveable Teflon curtain to minimize 
deposition on the reactor window was designed and constructed. 
Details of the reactor design, a summary of the film deposition 
conditions, and characterization of the materials deposited 
follow in the remainder of Section 2.0.

2.1 PHOTO-CVD SYSTEM, REACTOR AND FILM GROWTH

The evaluation of alternate reactor designs was presented in the 
semi-annual report under this contract (7). In summary, we felt 
that none of the existing solutions for preventing deposition on 
the UV transparent window were entirely satisfactory. We have 
developed a new photo-CVD reactor with a moveable UV-transparent 
film and secondary gas flows to eliminate window fouling.

Equipment from the thermal CVD apparatus used in Phase 1 of this 
contract and additional expenditures by the university were used 
to build a laboratory for two photo-CVD reacting systems. The 
gas handling and gas storage was designed for safety and high 
purity. Key features of the gas manifolds, storage facilities, 
and reactor construction are described in the semi-annual 
report(7). A schematic of the photo-CVD reactor is shown in 
Figure 2-1. As shown in the figure, a flexible curtain separates 
the reactor into two chambers. In practice, the curtain is 
mechanically sealed to the walls of the reaction chamber by a 
weighted plate and dynamically by control of the gas flow rates 
to minimize diffusion of reactants from the lower to upper 
chamber.

Reactant and inert gases are fed into the lower deposition 
chamber after passing over a pool of mercury. The reactant and 
inert diluent gases are distributed through the reaction chamber 
by a gas distribution manifold within the reactor.

Inert and/or reaction inhibiting gases are fed into the upper 
window chamber. These gases can contribute to the reduction or 
elimination of window fouling in several ways.

2



<0
a>
(0
a
o»

Figure 2-1: Schematic of Institute of Energy 
Conversion Photo-CVD Reactor
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1) Process gases diffusing around the curtain are highly 
diluted> lowering their partial pressure in the window chamber 
thus reducing the rate of film growth on the window.

2) Bas phase reactions in the upper chamber can be modified by 
the gases thus inhibiting formation of the gas phase precursors 
necessary for film growth.

3) Surface reactions on the window may be modified to minimize 
film formation.

As described in the semi-annual(7), during the first half of the 
contract year, the reactor operation was refined to the point 
where films were successfully deposited without any window 
fouling. This was accomplished by improvement of the mechanical 
seal and by using V/.Hta/Ar as the window flush. This was not 
entirely satisfactory since the He/Ar window flush also resulted 
in significantly more powder formation in the reaction zone than 
observed when He/He was used as the window flush gas. During the 
second half of the year, a new reactor was built incorporating 
improved mechanical seals. This reactor operated with 
essentially no window fouling with any mixture of window flush 
and reactant gases. Based on the earlier experience the reactor 
was modified to allow up to 75 linear feet of Teflon film to be 
loaded. This improvement allows deposition of very thick film or 
multiple depositions without replacing the curtain. The latter 
w^s considered necessary to allow load-locking of the photo-CVD 
reactor.

As in any low pressure system, the actual substrate temperature 
and measured substrate holder temperature may be substantially 
different. Figure 2-2 shows the actual substrate temperature as 
a function of the measured pedestal temperature at 10 torr 
operating pressure with flowing He. The temperature difference 
depends only slightly on the reactor body temperature but does 
increase at lower pressures. All temperatures reported in the 
paper are the actual substrate temperature and not the measured 
substrate holder temperature.

4
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The initial intrinsic film depositions reported in the semi­
annual were used to develop a preliminary reactor model allowing 
quantitative evaluation of the effects of film growth on the 
window and Teflon curtain on the rate of deposition and film 
thickness(7). The use of this model led to process and reactor 
design changes which resulted in the growth of intrinsic films 
over 500nm thick at growth rates around .06 to .07nm/s with no 
measurable window fouling.

More recently, the model has been extended to also account for 
the spatially dependent photo-generation of gas-phase film 
precursors (8,9,10), their diffusion to surfaces inside the 
reactor, and their subsequent reaction to form films. The model 
equations consist of component mass balances which account for 
the diffusion, generation (gas phase reaction or film growth) and 
depletion (gas phase reaction or film growth) of each species.
The model equations and the behavior predicted by the model 
equations are described below.

The component mass balances for the gas phase, at the substrates, 
and at the curtain or window are shown in Table 2-1. Also 
included in Table 2-1 is a balance equation for photons within 
the reactor accounting for the light attenuation due to 
absorption by the Hg atoms. Table 2-2 summarizes the reactions 
which have been included in the species generation and depletion 
terms. For completeness and future work, the reactions involving 
GeH<» and the resulting radicals have been included. The 
constitutive rate expressions used in the calculations assume all 
reactions to be first order in each species.

TABLE 2-1: Mass balances used in 
the photo-CVD model.

° Mass Balances

In gas phase:

= G
dxe

D

where

*
C*

G

Diffusion coefficient cm^/sec 
Concentration of species i in the gas.tt/cm3 
Generation rate of species, t/cm^/sec

D = Depletion rate of species, tt/cm^/sec

6



At substrates:

-^dC* i = k. Ci
dx !

At curtain (or window)

oQ-dCj. ! = kc Ci
d x !

° Light Balances

dl = -I k 3 [Hg°D
dx

I = Light intensity 3 254 nm quanta/cm'Vsec 
ki = Absorption cross section cm*1 

CHg^D = Concentration of unactivated mercury #/cm:-3

TABLE 2-2

Chemical Equations Used in Photo-CVD Model

Deactivation of mercury and generation. G> of radicals 
k ts

Hg* + SitcH,* ------- > SijsHra + H + Hg0 (ref. 10)

Hg* + Hk
k3

------- > 2H + Hg° (ref. 10)

Hg* + GeH^
k*»

------- > GeH?j + H + Hg” (ref. 8)

Hg* + Si H^+
ko

------- > SiHn» + H + Hg (ref. 7)

Side

H +

■ reactions of stable species with excited H 
k

SissH,;, ------- > SiHjj + SiHcf

(ref. 8)

H + S ijaHs,
kv

------- > SiHfs + He»

H + SiK*
kga

------- > SiH;3 + Hta

H + GeH^
k«y

^ G e H 3 + H e*

7



Depletion, D, of radicals

k
H S i a H,;i --------> SiK!H

k 1 1.
H + S i Ha --------> S i H

k ,i £••
H + GeHa --------> GeH<*

Film format ion
k x 3

SieHta --------> aSi sHCsJi'Hisa

k i
SiH» --------> aSisHtsl+^Hs

k i ts
GeHM --------> aSi , Ge: H < s )+£‘H ca

8



Figure E-2 illustrates the calculated film growth behavior of the 
photo-CVD reactor. The average film growth rate on the substrate 
depends on the initial growth rate with no curtain fouling (R0>> 
the ratio of the growth rate at the curtain to the growth rate at 
the substrate (if), and the exposure time of the curtain to the 
reaction zone. The initial growth rate (Rc,) and the value of y 
depend on the Hg partial pressure, reactor geometry, light 
intensity and spectral content, pressure, temperature, and gas 
composition and flow rates. Curves 1 and 2 in Figure 2-3 show 
the average growth rate as a function of curtain exposure time 
for two initial growth rates (R„=1.5 and 6 A/sec) with equal 
rates of film growth on the curtain and substrate (J=1.0). At 
long curtain exposure times the average growth rate is much lower 
than R„ due to the fouling of the curtain. At short curtain 
exposure times the average growth rate nearly equals the initial 
growth rates indicating much less fouling of the curtain. Curve 
3 shows the effect of changing the reaction conditions in a 
manner which decreases the growth at the curtain relative to that 
at the substrate (Y=0.25). Operation in this mode yields a 
higher average growth rate at the substrate. As shown in Figure 
2-3, changes in reactor operating conditions which effect R*. or 
must be accompanied by appropriate changes in curtain movement to 
achieve the desired changes. In our experiments, a significant 
decrease in Y has been observed with the use of silane compared 
to disilane, with changes in Hg partial pressure, and with 
decreases in the total pressure and with changes in the curtain 
to substrate distance. The changes with Hg pressure, total 
pressure, and curtain to substrate distance are qualitatively 
consistent with the behavior predicted by the model. The changes 
occur due to the balance between the spatially dependent light 
absorption, and diffusion of film precursors to the curtain or 
substrate. The change in Y with the change to SiH* from SieH,., 
indicates a difference in the chemistry or rates of film growth 
on the different surfaces. Figure 2-4 illustrates the effect of 
mercury concentration on the concentration of gas phase film 
precursors (SiesHe, radical) within the reactor. At high mercury 
concentrations, curve 1, all the available UV light is absorbed 
by the mercury in the region very close to the curtain. This 
activated mercury is rapidly quenched by disilane to form SieHei 
radicals. Consequently, film precursors are generated 
preferentially close to the curtain (<0.1 Hm away). These 
radicals must diffuse to the substrate in order to be deposited 
on the substrates. The higher concentration of radicals at the 
curtain results in a high growth rate on the curtain further 
limiting the growth rate at the substrate.

At very low mercury concentrations, curve 3, not all the 
available UV light is absorbed (~30V. for the example shown). As 
a result, the growth rate at both the substrate and curtain 
decrease.

9



Photo-CVD Reactor Behavior

Average 
Growth 
Rate 
A /sec

I* Initial Growth 
Rote with No 
Curtain Fouling

Vs Ratio of Growth 
Rote at Curtain 
to Growth Rate*” 
at Substrates

Curve 3

Curve

240 480
Curtain Exposure Time 

(sec/frame)

•Figure 2-3:' Calculated Effect-of the Curtain 
Growth and Exposure Time on the Average Film 
Growth Rate

10



DISTANCE FROM CURTAIN (cm)

Si
2H

5 
CO

N
CE

N
TR

A
TI

O
N
 (

#/
cm

3x
l0

13)
o
 

ro
 

<n
 

oo
o P ro o P a> P oo o ro

x
 r

oQ 3 
r

01

F
ig

ur
e 

2-
4:
 

C
al

cu
la

te
d 

E
ff

ec
t 

of
 H

g 
C

on
ce

nt
ra

ti
on
 

on
 

th
e 

R
ad

ic
al

C
on

ce
nt

ra
ti

on
 

P
ro

fi
le

11



For an intermediate (optimum) mercury concentration, curve E, 
absorption of the available light and subsequent generation of 
film precursors occurs throughout the bulk of the reactor. Since 
more film precursors are formed closer to the substrates, there 
is less diffusional limitations and a corresponding higher growth 
rate at the substrates. These model predictions were used to 
guide modifications to the mercury bubbler and to lower the 
mercury temperature. As a result the growth rate was nearly 
doub1ed.

2.2 Film Characterization

2.2.1 Intrinsic Films

Selected intrinsic layers deposited from silane and disilane at 
temperatures from 200 to 280°C and pressures of 5 to 15 torr have 
been characterized using:

1. Optical gap and absorption coefficient.

2. Room temperature dark conductivity and photo-conductivity

3. Dark conductivity as a function of temperature 

A. IR absorption spectroscopy

5. Hole diffusion length by surface photovoltage (SPV)

6. Density of states by space charge limited current (SCLC)

7. Sub-band gap absorption from primary photocurrent spectra

Optical absorption coefficients and optical gap were determined 
from measurements of total reflection and transmission made using 
a Perkin-Elmer Model 230 spectrophotometer with an integrating 
sphere. Absorption coefficients as a function of energy were 
calculated from reflection and transmission data using both the 
first surface reflection and multiple internal reflection 
approximations (11). We have found that averaging the intercepts 
of Tauc plots of absorption coefficients calculated using the 
front surface and multiple reflection approximations provides a 
simple and convenient method for estimating optical gap.

The accuracy of intercept averaging to determine optical gap was 
evaluated by numerical simulation. Arbitrary values of Eg =
1.740 eV and Tauc slope B = 819 (cm “eV) ■'1 were used with the 
Tauc equation to generate "standard" absorption coefficients.
The thin film optics equations of Cody et al.(12) in the non­
coherent limit were then used to calculate reflection and 
transmission data. Absorption coefficients were then calculated 
for comparison to the original "standard" absorption coefficients 
from the simulated R and T data using the front surface and

12



multiple internal reflection approximations. Figure 2-5 shows 
the calculated Tauc plots from simulated R and T data for a 0.5 
micron thick film. The average of the intercepts of the first 
surface reflection and multiple internal reflection Tauc plots is 
1.74leV.

Figure 2-6 compares the a obtained by averaging the values 
obtained from the first surface reflection and multiple internal 
reflection simplifications to the "standard". The average Tauc 
plot values are in excellent agreement with the "standard" 
values; 1.741 eV and B=822 (cm *eV) ” 1compared to 1.740 eV and 
B=819 ( cm - eV ) ~ 1/'C! respectively.
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Simulations carried out with other film thickness ranging from 
0.3 to 1 micron also showed similar agreement between the 
"standard" optical gap and the average of the front surface and 
multiple reflection Tauc intercepts. These calculations also 
indicated that the "average" intercept optical gap is relatively 
insensitive to errors in film th i ckness. For example) a ^O'/. 
error in thickness results in a difference in Eg of only .005eV 
with a true film thickness of 0.5 Hm.

While the optical gap obtained from the Tauc-intercept is a 
useful benchmark for quick comparison) accurate values of the 
absorption coefficient are essential for analysis of surface 
photovoltage and quantum efficiency spectral response data. When 
aD<2) the error in absorption coefficient from either the first 
surface or the multiple internal reflection approximations 
exceeds 10’/.. However) for aD>0.5 the "average" absorption 
coefficient provides sufficient accuracy for analysis of SPV and 
QE data. Figure 2-6 is a plot of the relative difference between 
the "standard" and calculated absorption coefficients obtained by 
applying first surface reflection) multiple internal reflection 
and average approximations to simulated R and T data.

Figure 2-7 shows typical Tauc plots for a 0.49 micron thick i- 
layer deposited at 240°C. Values of the optical gap presented in 
this report are the average of the Tauc intercepts obtained with 
the front surface and multiple internal reflection 
approximations.

Dark conductivity as a function of temperature and photoconduc­
tivity at room temperature were measured using i-layers deposited 
on 2000A thick molybdenum contacts 1 mm apart in a gap cell 
configuration. Photo-conductivity was measured using ELH light 
at approximately 100 mW/cm82. Activation energy was determined 
from Arrhenius plots of Cd<T) measured between 50 and 200°C.

Figure 2-8 summarizes the results of these characterizations for 
films deposited from disilane at substrate temperatures from 200 
to 280°C. Also shown in Figure 2-8 are i-layer film properties 
reported by Inoue and Konagai<4) deposited at higher flow rates 
and lower pressures but similar temperatures.

Figure 2-9 presents a comparison of a-Si:H films deposited using 
both SiHc,. and Si^H*,. The error bar on the data at 240°C 
represents the measured range from six separate depositions using 
disi1ane.

Room temperature dark conductivity and photo-conductivity have a 
shallow maximum around 240°C. Typical ratios of af,/cr^ are 
greater than lO™.
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IR absorption spectra measured at SERI on samples deposited at 
200 and 280°C on single crystal silicon are shown in Figure 2- 
10. The SiHp. bond-stretching (2090cm"1) and bond-bending 
(890cm"1) is evident in the sample deposited at 200':’C while the 
high temperature sample shows only Si-H bonding. The 630 cm"1 
absorption peak was integrated to estimate the percent of bonded 
hydrogen (13) yielding 12'/. and 6*/. for the samples at 200 and 
280°, respectively.

Very recent results of IR transmission measurements of samples 
deposited from SiH*. indicate only Si:H, not SiH*.... bonding at 
substrate temperatures as low as 210°C. IR measurements on a 
wider range of samples from SihU. will be analyzed to help 
understand the nearly constant optical gap and dark activation 
energy over this temperature range.

Diffusion length was measured by the constant surface 
photovoltage method on intrinsic layers deposited on n^/rio/7059 
substrates using n-*' by thermal CVD. A value of L0 = .21 Hm was 
obtained with 1 sun red bias light for a .55Hm thick i-layer 
deposited at 280°C as shown in Figure 2-11. The surface photo­
voltage apparatus has been modified to allow measurement of 
diffusion length using intrinsic films deposited on 7059/Sn0„ 
substrates (14). Under Phase III thicker films deposited under a 
wide range of conditions using both SihU and Sis-Hci, will be 
evaluated.

The density of states (DOS) distribution within the band gap was 
determined by denBoer’s step-by-step method(15) from J-V 
characteristics measured on Ni/i/n^c-Si) sandwich structures.
The n^c-Si wafer was As-doped with a resistivity of .Ifi-cm. The 
i-layers were approximately .6H thick. The DOS distributions are 
shown in Figure 2-12 for i-layers deposited at 240” and 2B0”C 
after annealing for 1 hour at 150c,C in air. The minimum DOS for 
the sample deposited at 2S0c,C was approximately twice that of the 
240c‘C sample^ 3xl014> and 1.5xl01<s> respectively. The position of 
the minimum (.63eV) agrees well with the activation energies 
shown in Figure 2-8. Although these photo-OVD films are less 
intrinsic than the thermally deposited films (minimum DOS at .63 
and ,7-.8eV respectively)> they have nearly an order of magnitude 
lower DOS.

In light of recently reported results (16) the DOS measurements 
will be repeated using much thicker films. In addition) due to 
difficulty getting good adherence of thick i-layers to previously 
deposited n+ layers or n-type Si wafers) experiments are underway 
to use Mg/i/Mg sandwich structures or very narrow gap <2 to 10 
micron) Mg or Mo planar configurations for DOS characterization 
by SOLO.

20



F
ig

ur
e 

2-
10

: 
C

om
pa

ri
so

n 
of
 

IR
 S

pe
ct

ra
 

of
 

In
tr

in
si

c 
Fi

lm
s 

D
ep

os
it

ed
 
at
 

20
0°

 
an

d 
28

0°
C
 

Fr
om
 D

is
il

an
e

r*
 <

•



(U
l*

) >
0/1

REL. PHOTON FLUX
O -

, to ro o co b

n n

cO o

o c
< CD 3

Figure 2-11: Diffusion Length by SPV for 
Photo-CVD i-layer Deposited on Thermal 
CVD n-layer

22



D
EN

SI
TY

 OF
 ST

A
TE

S (
cm

‘Je
V

')

» ♦ SAMPLE 012 (Td =280°C)

Figure 2-12: Density of States from SCLC of
Photo-CVD i-layers Deposited at 240 and 280°C 
(after 150°C, 1 hr. heat treatment)

23



The Urbach edge (exponential absorption tail) was determined from 
the sub-gap primary photocurrent spectra shown in Figure 2-
13 on a SnO„/pin/Al device (see Section 3.1). A value of the 
characteristic energy Ec, of .049 eV was obtained from analysis of 
the slope of In ( n,;: ) vs E in the range from 1.45 to 1.60eV.

2.2.2 p-1ayers

The growth and opto-electronic properties of boron-doped p-type 
a-Si:H films deposited by Hg sensitized photo-CVD using 
diluted in He were reported in the semi-annual report(7). The 
optical gap> room temperature dark conductivity and photo­
conductivity and activation energy of the dark conductivity as a 
function of B^H^/Sir-H* ratio are summarized in Figure 2-14.
Those devices described in section 3 without alloy (a-SiC:H) p- 
layers were made using p-layers grown with a Bs..H<*/Sie-H* ratio of 
0.013.

More recently> a-SiC:H p-layers have been deposited! 
characterized! and used in device fabrication. Attempts to use 
acetylene as the C source resulted in extremely high resistivity 
films! presumably due to high C incorporation even with a ratio 
of CfflHt-/(Cs»Ha.+Si ksHc ) less than 0.1. Better results were obtained 
using methylsilane and silane.

Figure 2-15 summarizes the opto-electronic properties of p-type 
a-SiC:H with 10 to 40*/. methylsilane in silane and a ratio of 
Be»H<<!,/ ( CHaS i Hss+S i H*.) of 0.015. The conductivity decreases sharply 
and the optical gap increases from 1.96 to 2.28 eV as CH^SiHa, in 
the feedgas is increased from 20 to 40'/.. Even at a substrate 
temperature as low as 165°C there is some evidence of thermal 
growth especially at the lower CHaSiHcs concentration. The best 
p-layer from this limited number of runs had dark and 
photoconductivity of l-2xl0~es S/cm and EA = 0.3B eV at a bandgap 
of 1.9 eV. These conditions were used as the starting point for 
device fabrication (Section 3) although small changes in 
BbH*/ (CHaSiHe+SiH* ) and CHs>SiH»/( CHoSiHaj+SiH*.) have also been 
explored in the deposition of p-layers in solar cells.

2.2.3 n-layers

Phosphorous doped n-type a-Si:H films have been deposited using 
Hg sensitized photo-CVD with 10 to 20*/. SiH*. or SIkH* in He.
Films were deposited using PH^ in He with PHa, ratios of 0.01 to 
0.02 at a substrate temperature of 240°C. Opto-electronic 
properties are summarized in Figure 2-14. A doubling in the PHai 
partial pressure and the switch from SieH*. to SiHc, did not 
significantly effect the film properties or the pin device 
performance (Section 3).
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Dark activation energies around 0.25 eV and room temperature dark 
conductivity between 10 3 and 10"*-“ S/cm are typical. The reactor 
manifolds have recently been modified to allow H*» dilution during 
n+ deposition. The effect of Hl?. dilution on opto-electronic 
properties and crystallinity will be studied and reported.
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3.1 Fabrication

SECTION 3.0
SOLAR CELL FABRICATION AND RESULTS

Solar cells have been fabricated with doped and intrinsic photo- 
CVD a-Si:H layers in both system 1 and 2. Most cells have had 
the structure of g1ass/TCO/pin/A1 although a few doubly- 
transparent devices with ITO replacing A1 have been made for 
diagnostic purposes. We have used TCO-coated glass substrates 
obtained from Cherry Display and Nippon Sheet Glass. All results 
reported here were on devices deposited on Cherry Display SnO„- 
coated glass having sheet resistivities of 10-20 0-cm.

Both a-Si:H and a-SiC:H boron-doped p-type layers have been used 
while all n-type layers have been phosphorous doped a-Si:H. As 
reported in section 2, methyl silane has been used to produce the 
silicon-carbide layers because of better control of carbon 
content compared to acetylene.

Intrinsic layer thicknesses of devices ranged from 0.27 to 0.35 
Hm with 0.30 as typical. Deposition rates were 0.05 to 0.09 
nm/sec. During this contract period, most devices were 
fabricated in system 1 using disilane although some results from 
system 2 or using Sil-U are included in this report.

Cell areas of .09 cm2 were defined using photolithography. Cell 
testing at IEC was performed with 87.5 mW/cm2, ELH illumination.

3.2 Results

Devices deposited in system 1 from SigaH^ and without silicon 
carbide p-layers were typically characterized by poor 0^^ (<.7V), 
adequate J*,;: (11-12 mA/cm2 ) and good FF (65-69*/.). We expected to 
be able to improve with thicker i-layers, enhanced optical
reflection from the back contact, and a-SiC:H widegap p-layer as 
well as improved collection width.

However, the low Vcc was puzzling since the barrier height, Ve,, 
determined from measured values of the doped layer activation 
energies and i-layer bandgap indicated: qV^Eg-E^-Ep = 1.0 to 
1.1 eV. This estimate of Ve, was verified by analysis of 
illuminated J(V) characteristics as a function of temperature as 
described by Han et al.(17). The results are shown in Table 3.1. 
Simultaneously illuminating and heating backwall samples was not 
possible and prevented measurements on standard TCO/pin/Al 
devices, requiring (TCO or Mo)/pin/IT0 structures. As seen in 
Table 3-1, the two structures had very similar Vot= values for a 
given a-Si deposition. Doubly-transparent deposition 063-111 had 
the same V0<= for back or front illumination, indicating that V,,,^ 
is independent of illumination direction.
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TABLE 3-1. Open Circuit Voltagej and Barrier Height for Select 
photo-CVD pin devices. Method 1 refers to Vocn vs. Ti Method 3 
refers to V^,,.;: vs Jin<- vs T as described in reference 17. 
Experimental difficulties prevented Vfc) measurements on 
backwall; illuminated (glass/TCO) cells.

PCVD Structure Voc: Vt»
Substrate (V) (V)

Method 1 Method 3

033-111 glass/TCO/pin/Al 0.77 n/a n/a

033-113 glass/Mo/pin/ITO 0.76 1.37 1.36

034-111 glass/TCO/pin/Al 0.58 n/a n/a

034-113 glass/Mo/pin/ITO 0.54 0.95 0.90

063-131 g1ass/TCO/pin/Al 0.68 n/a n/a

063-111* g1ass/TCO/pin/ITO 0.65 1.0 0.97

♦VcK was the same for back or front illumination.
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From Table 3-1 we reach the following conclusions:

1. Both Method 1 and S give comparable values of barrier height. 

E. The high for sample 033 is consistent with its larger Vto.

3. Measured V*, agrees well with value calculated from Eg, Ean,
Eap .

4. Undesirable reactions with the front (TCO) or back (Al) 
contacts are not responsible for low VC1C:. It must be due to 
problems with the amorphous semiconductor layers.

5. Comparison of these Voc; (vh) values to those predicted by Hack 
and Shur (Ref. 18, fig. E7) for bulk-recombination-limited Voc:; 
indicates that our devices suffer from another loss since a

of . 7EV or greater would be expected for Vt3 of 1.0V, and a 
VC.C==.88V for a V* of 1.25V.

Substrate 033.111, which had the highest Voc; to date had an 
initial Vc.,c: of around 0.70V which improved to 0.77V following a 
heat treatment of 175°C in air for one hour. It also had several 
non-standard process steps, including difficulties controlling 
gas flow during the p/i transition and n-layer, plasma etching of 
the a-Si:H layers down to the SnOK and Ni tabs for contact to 
SnO,.,. Attempts to duplicate the high Vok seen on 033 by 
duplicating all or part of these steps were unsuccessful.

SIMS data on a typical device (with V^^O.SSV) indicated boron 
tailing with only slightly better than a two-order of magnitude 
drop in concentration from the p-layer to the center of the i- 
layer. We therefore concentrated our efforts on producing a 
sharp p/i interface to improve V^,^. Various process conditions 
were investigated, including purging with He, He or SiH«, for 
periods up to E hours, several cycles of pressurizing/pumping to 
dilute the boron, and modifying the reactor to minimize dead 
space in dopant gas lines. None of these produced open circuit 
voltages exceeding 0.7V as seen in Table 3-E. We did observe a 
small improvement (0.09V) as purge time increased from 0 to 30 
minutes (compare 058-1E1 to 059-121 in Table 3-E). It also 
appears that an overnight pumpdown and bake-out of the Al 
evaporator improves the FF compared to only an overnight 
pumpdown.
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TABLE 3-E
Typical Device Performance for pin 

Cells with Variable p-i Purges 
(all data system 1)

Substrate Purge *T timu: FF n

55.111 10 min He .6A 12.1 67.4 6.0

56.111 10 min He/SinsH^ .64 12.0 67.1 5.9

58.1S1 No purge .635 11.8 69.2 5.9

60.121 5 min He/Sie-H* .645 11 .7 68.6 5.9

59.121 30 min He/SisaKi, .675 1 1 .9 69.1 6.3

Note: Substrates 55.111i 56. 111: overnight pumpdown for
deposition.

Substrates 58.1E1, 59.1E1» 60.121: overnight bakeout for 
Al deposition.

Tested at 87.5 mW/cm2 ELH.
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The insensitivity of VCM= to these process changes designed to 
minimize boron contamination of the i-layer may indicate that 
excess boron is not the first-order problem. High resolution 
SIMS using an oxygen beam will be used in conjunction with the 
impurity analysis provided by our RGA to further investigate this 
prob1em.

Diode A-factors determined from V^^-ln(J,™,-) were 1.351.05, 
indicating bulk recombination is not a major problem. We are 
presently involved in a detailed study of the temperature 
dependence of the "effective" A-factor to determine the diode 
transport and dominant recombination mechanism. Preliminary 
results indicate transport is tunnel 1ing-1imited. This is 
consistent with the discrepancy between our measured V,-,,- and that 
expected based on the measured barrier height since tunnelling 
dark currents do not ’see’ the barrier height potential but 
instead a much smaller value. Therefore, a much larger dark 
current results than expected for a given Vta if conventional 
emission/diffusion over that barrier were governing the 
transport.

Short circuit currents measured at 87.5 mW/cm2 under ELH light 
have been ranged from 10-1E mA/cm2 with the largest value of IS.9 
mA/cm2. One sample (041-1E1) was sent to SERI as a deliverable 
and measured under the Xenon simulator using 100 mW/cm2, and 
corrected to the ASTM-85 global spectrum. Results for cell 7 
measured at IEC and SERI are given in Table 3-3, which shows that 
Jtuc: values measured at IEC are approximately b to 7'/, lower than 
measured at SERI while efficiency is about 5*/. higher. This is 
probably due to differences in spectral content and cell test 
temperature. IEC is installing an Oriel Xenon global AMI.5 
simulator to allow more accurate optimization of cell design.

Quantum efficiency <QE> measurements as a function of voltage 
bias (19) indicate good collection throughout the device 
(described in more detail below). Therefore, the main limitation 
to J^er in our present device design is optical absorption. A 
wide-gap p-layer, thicker i-layer, and enhanced reflection should 
improve J„e=. The effect of the a-SiC:H p-layer will be discussed 
later in connection with device results from system S.

We have investigated the effect of various back contact metals as 
an alternative to the standard Al. The prime motivation was to 
obtain enhanced reflection to improve J»c:, but potential 
improvements were anticipated in FF (lower contact resistance) 
and V0c= (reduced barrier oxide layer at the n/metal interface).
We selected composite metal layers since past experience showed 
that Ag films had adhesion problems when deposited sufficiently 
thick (^iHm) to be mechanically robust, and Mg films oxidize 
rapidly.
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TABLE 3-3. Comparison of IEC and SERI 
Cell Test Results for Photo-CVD 141-1E1-7

Testing Condition A T V0<= Jmt;, FF n
( cm2 ) ( °C ) (V) mA/cm 2 (*/.) (*/.)

ELH, 87.5 mW/cm2(IEC) .090 28 .61 11.7 67.0 5.5

Xenon, ASTM Global (SERI) .089 25 .62 12.5 66.0 5.2

Metal contacts were electron-beam deposited on one substrate each 
from Run 060 (5 minute p/i purge) and Run 062 <30 minute p/i 
purge) with approximate thicknesses as follows: Al(lHm);
Ag/Al<.01/lFm)5 Mg/Al<.01/iFm); Ag/Mg/Al<.01/.01/iHm). The 
results of J-V measurements before and after heat-treatment are 
shown in Table 3-4.

There was no trend of Voc with contact metal. Cells from 062 
always had higher Voc than those from 060, consistent with the 
small improvement due to a longer purge as just discussed. 
Surprisingly, Ag/Al reduced while Ag/Mg/Al increased J,
compared to Al. Quantum efficiency measurements clearly showed 
this behavior to be caused by changes in collection beyond 600 
nm. consistent with improved generation due to reflected light.

The efficiency improved slightly for all substrates with a heat- 
treatment of 1 hour at 150°C in air, primarily due to a 2-3*/. 
increase (absolute) in FF. The best photo-CVD cell efficiency to 
date was 060-122-3 with Ag/Mg/Al contact which has Vc>c; = .644V,
J»<= = 12.9 mA/cm2, FF=67.9*/., and n=6.44*/. after heat treatment. The 
J-V behavior of this cell is shown in Figure 3-1.
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TABLE 3-4 Effects of back metal contact and heat treatment (1 hour, 
150°C, air) on J-V characteristics of highest efficiency
cell from each substrate. (B=Before H. T. , A= After

PCVD Bac k V,,,, J turn FF N
Substrate Metal (V) (mA/cm 2) (•/♦) (*/.)

060-121 (B) Al .642 12.2 64.7 5.81
(A) .648 11.7 69.2 6.02

062-121 (B) Al .675 11.4 65.9 5.78
(A) .680 10.9 67.8 5.72

060-111 (B) Ag/Al .627 10.7 66.8 5. 13
(A) .628 11.2 68.2 5.48

062-111 (B) Ag/Al .638 10.2 66.8 4.95
(A) .646 10.3 68.5 5.21

060-112 (B) Mg/Al .640 11.8 65.5 5.65
(A) . 645 12.1 68.2 6.07

062-112 (B) Mg/Al . 634 10.9 64.4 5.10
(A) .647 11.1 68.2 5.61

060-122 (B) Ag/Mg/Al .642 12.9 65.5 6.18
(A) .644 12.9 67.9 6.44

062-122 (B) Ag/Mg/Al .677 11.8 65.0 5.95
(A) .682 11.9 66.6 6.17
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Devices with only Al showed a small decrease in with heat
treatment while the others showed small increases or no change, 
indicating Al migration may be occurring (a reasonable assumption 
at 150°C) but this can be blocked by the second metal layer which 
acts as a diffusion barrier. Since there was little difference 
in J»C: before heat treatment between devices receiving Al and 
those with Mg/Al or Ag/Mg/Al we decided to continue using Al for 
our standard metal 1ization. We may use a different back contact 
when optimizing cell performance for high efficiency later in the 
program.

Quantum efficiency measurements as a function of light and 
voltage bias have been made on a large number of samples.
Changes in the QE between light and dark gives information 
relating to the photo-hole trapping effect to the field profile 
while voltage bias dependence can indicate limiting carrier, 
interface recombination and other effects(17).

Figures 3-2 and 3-3 show the QE of 033-111-4 before and after 
heat treatment, including scans at QV bias with ELH. Note that 
the QV light and dark scans are nearly identical, while reverse 
bias increases the response more in the blue after heat treatment 
than before. Figure 3-4 shows the QE for the short circuit case 
(0V,ELH bias) of this cell before and after heat treatment of 1 
hour at 175°C in air, which caused 3 mcr. to decrease from 10.2 to 
8.9 mA/cm2 while V,^ increased from 0.7 to 0.77V. It indicates 
that the source of these changes with heat treatment is 
associated with the p/i interface or electron collection width. 
Both of these effects are related to electron recombination, not 
holes which usually governs QE.

Figure 3-5 shows the QE of 059-121-3 before heat treatment. Note 
that there is a large difference between the OV light and dark 
scan while the voltage bias dependence is very small, and 
independent of wavelength. After heat treatment, the Vc,... 
remained unchanged (.66V) and decreased only slightly (12.3
to 12.1 mA/cm2). This cell behavior is typical of most devices 
deposited in system 1 and in direct contrast to the results from 
033-111-4 (Figures 2-15, 3-1, 3-2).

The lack of significant voltage bias dependence of the QE in 
Figure 3-5 together with the relatively high FF (68*/.) indicates 
that there is negligible collection losses due to electron or 
hole recombination and the hole collection width is greater than 
the i-layer thickness (typically 0.3 Hm). This implies that both 
the interfaces and the i-layer are of sufficient quality that 
they are not the prime efficiency limitations. This conflicts 
with the conjecture that the p/i interface contamination is 
responsible for low Poor p/i interfaces, such as due to
boron tailing, are clearly identified by the large bias 
dependence of QE at short wavelengths (19). However, it is 
possible that the electric field at interface is so large that it
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masks the excess electron recombination by sweeping the electrons 
away from p/i interface before they recombine.

The series resistance has been analyzed using the Swartz method 
(20) where Rv,..c: is measured as a function of intensity. This 
allows the various contributions to to be identified as
Rvocs =Re+Ri...+Ri:> > where Rc: is the contact (light-independent) 
resistance, RL.. is the photoconduc t i ve resistance (of the i-layer) 
and Rj^ is the diode resistance (AkT/q J,...) . Results from ^ cells 
are shown in Table 3-5. These values are typical of those 
reported for high efficiency glow discharge devices, and indicate 
that series resistance is not a major loss factor in FF. For 
example, 039 and 0^1 had identical R^or.- but significant 
differences in FF.

Devices from system 2 have typically had similar J*^, slightly 
higher Vc,^, and poorer FF compared to devices whose results have 
been reported above from system 1. This is unexpected due to the 
presence of the wide-gap a-Si:C:H which should improve Voc; 
substantially and slightly. We have been able to achieve V„,:-
exceeding 0.7V only with combination of the wide-gap p-layer and 
a 1 hour turbo pump purge cycle between the p and i-layers. We 
have produced cells in system 2 with disilane and silane, with a- 
Si:H and a-Si:C:H p-layers, with various purge, pump-down, and 
bake-out cycles, yet V,^, has not exceeded 0.73V. The possible 
effect of 0 contamination from air or HhO is presently being 
investigated using a residual gas analyzer and SIMS analysis. 
Recent SIMS analysis made on p-i-n devices in both systems 1 and 
2 indicate slightly higher oxygen and nitrogen in the films 
deposited in system 2. Unfortunately, the relatively few 
measurements made are not conclusive due to variation from sample 
to sample and to large differences (15X) on different SIMS 
machines. The investigation of impurity incorporation is 
continuing.
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Figure 3-2: Effect of Voltage and Light Bias on
Collection Efficiency for Cell 033-111-4 Before
Heat Treatment
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Figure 3-3: Effect of Voltage and Light Bias
on Collection Efficiency for Cell 033-111-4
After Heat Treatment
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TABLE 3-5. Series Resistance Analysis of Rvoc, Using Swartz Method 
(Rvok measured at 87.5 mW/cm* * R^j Rt„i Rn calculated 
from intensity dependence).

PCVD FF
<•/.)

&VO rr R,,
(in ohm-cm2)

Ru Rn

033-111-5 64.6 6.86 1.0 1 .9 4.5

034-181-10 65.0 5.34 1 . 1 1.3 3.0

039-188-18 63.9 5.81 0.80 1.5 3.1

041-111-4 69.3 5.36 0.74 1.3 3.4
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