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ABSTRACT

We investigate high-temperature and high-frequency operation of interband cascade infrared photodetectors (ICIPs)-two
critical properties. Short-wavelength ICIPs with a cutoff wavelength of 2.9 um had Johnson-noise limited detectivity of
5.8x10° cmHz">/W at 300 K, comparable to the commercial Hg; (Cd,Te photodetectors of similar wavelengths. A
simple but effective method to estimate the minority carrier diffusion length in short-wavelength ICIPs is introduced.
Using this approach, the diffusion length was estimated to be significantly shorter than 1 pm at high temperatures,
indicating the importance of a multiple-stage photodetector (e.g., ICIPs) at high temperatures. Recent investigations on
the high-frequency operation of mid-wavelength ICIPs (A.=4.3 pum) are discussed. These photodetectors had 3-dB
bandwidths up to 1.3 GHz with detectivities exceeding 1x10° cmHz"*/W at room temperature. These results validate the
ability of ICIPs to achieve high bandwidths with large sensitivity and demonstrate the great potential for applications
such as: heterodyne detection, and free-space optical communication.

Keywords: III-V semiconductors, diffusion length, high-speed photodetectors, high-temperature operation, interband
cascade structures, mid-wavelength infrared, short wavelength infrared, type-II superlattice.

1. INTRODUCTION

Since the early efforts on the ternary Hg,_Cd,Te alloy in 1959', this material system has remained the main player
in infrared detection for different spectral bands. Photodetectors based on this material system are well developed, to the
degree that their performance metrics are established as the benchmark® for emerging or competing technologies.
However, Hg;,Cd,Te has certain drawbacks including: difficulties in growth, expensive and irregular substrates, and
material nonuniformity. Such difficulties have stimulated decades of research for alternative material systems. Among
different candidates, type-II superlattice (SL) photodetectors have shown promise to outperform their Hg; (Cd,Te based
counterparts®*. Nevertheless, type-II SLs have their own shortcomings, including: short carrier lifetime and limited
diffusion length. These issues can be overcome utilizing a multiple-stage photodetector with multiple short absorbers
used throughout the structure.

ICIPs utilize the unique features of the 6.1 A family of semiconductors to construct multiple-stage interband
photovoltaic detectors. Each stage in an ICIP is composed of three regions: electron barrier, absorber, and hole barrier.
Absorbers in ICIPs can be made of SL>° or bulk material’, provided that the required band alignments are realized in
different regions. Absorber thickness in each individual stage is shorter than the diffusion length of minority carriers. As
such, ICIPs are able to collect most of the photogenerated carriers at high temperatures. Depending on the requirements
for the device sensitivity and frequency response, the absorber thickness and the number of stages are adjusted in ICIPs.
Owing to these design flexibilities, ICIPs are able to achieve high speed with large detectivity. Furthermore, ICIP’s
multiple-stage architecture and thin absorbers remove some of the stringent requirements on the material quality. A
recent report on mid-wavelength ICIPs grown on GaAs substrates® shows that the performance of ICIPs is almost
insensitive to the material quality.

*Email: hossein.lotfi@ou.edu; Rui.q.Yang@ou.edu; Phone: +1 (405) 325-7361; Fax: +1 (405) 325-7066; http://qdl.ou.edu
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2. SHORT-WAVELENGTH ICIPS

2.1 Device structure

(a) Electron Electron
While ICIPs working in mid-wavelength IR (MWIR) Barrier Barrier
to very-long-wavelength IR (VLWIR) spectral bands Flecton flow leeton o
have been reported in the literatures™”'°, there has — «— “n
been no report on SWIR ICIPs until our recent A A L] VA
work''.  Such a short-wavelength ICIP can be a I Fiole o Fole o
standalone detector or can be integrated with different o ol

band ICIPs to realize multi-color ICIPs. Multicolor Barrier Barrier
ICIPs can be readily implemented using regular- and
reverse-designed ICIPs. In a regular designed ICIP, ®)

- N . Electron Electron Electron
photo-generated electrons travel in the same direction Barrier Barrier Barrier
as the incident photons (see Figure 1) and most of the

Electron flow Electron flow Electron flow
photo-generated electrons are away from the «— «— -« o
collecting ]ayer (i.e., hole barriers). The photo- Absorber #3 (741 nm) Absorber #2 (644 nm) Absorber #1 (570 nm) m
enerated electrons travel distance is significantl > ’ ’

g Vi g Yy Hole flow Hole flow Hole flow

reduced in a reversed structure. In a reverse-designed

. ) : Hole
ICIP, photogenerated electrons travel in opposite Alole ol Barrior
direction of incident photons and most of them are

closer to the collection point(s). If the diffusion ) ) ) .
length falls shorter than the absorber thickness, the Figure 1: Schematic drawings of the regular-configuration SWIR
’ ICIPs: (a) two-stage and (b) three-stage ICIPs. The photo-

generated electrons and incident photons travel in the same
direction in regular-configuration ICIPs.

reverse design configuration will have higher
collection efficiency for electrons compared to the
regular configuration. Moreover, the reverse
configuration should result in faster ICIPs because the photogenerated electrons travel a shorter distance before
collection.

Two regular-configuration SWIR ICIPs, one with two stages and one with three stages, were designed and grown by
molecular beam epitaxy (MBE) on unintentionally doped GaSb substrates. Each period of the SL absorber was
composed of InAs (20 A)/ GaSb (15 A)/ Aly,IngsSb (7 A)/ and GaSb (15 A) layers, in which GaSb layers were p-type
doped. Electron barriers were made of three GaSb/AISb quantum wells (QWs) and the hole barriers consisted of seven
digitally graded InAs/AISb QWs. The role of electron and hole barriers is to facilitate the separation and unidirectional
flow of photo-generated electrons and holes in opposite directions. As shown in Figure 1, the two- and three-stage ICIPs
had absorber thicknesses of 570 nm and 644 nm in the first and second stages, respectively. Absorbers were designed
thicker in optically deeper stages to realize photocurrent matching between different stages. The third stage in the three-
stage ICIP was 741-nm thick. All the other design and
growth parameters such as the electron and hole T —
barriers and the doping levels were kept the same in the
ICIPs. Further details on the device band structure, 10"
processing and fabrication are provided elsewhere'". ]

- -

2.2 Electrical characteristics

—— -

2.2.1 Dark current

The high temperature (7=280-340 K) dark J-V curves
for the two- and three-stage SWIR ICIPs are shown in
Figure 2. Dark current densities were lower in three-

Dark current density (A/cm?)

{solid lines: three-stage

stage ICIPs at all temperatures. For example, the room 10“’15 dashed lines: two-stage — 340k }
temperature (7=300 K) dark current density of a , Jdevice size: 200x200 um? - ]
representative 1.0x1.0 mm’ two- and three-stage ICIP R A P P
at -50 mV was 8.4 and 5.5 mA/cm’ respectively. Voltage (V)

Generally, dark current densities were larger in Figure 2: Dark current density for representative two-
smaller-sized ICIPs for both detector arrays, which is and three- stage SWIR ICIPs for 7=280-340 K.

attributed to surface leakage current. A detailed
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discussion on the origins of their size-dependent dark currents is provided in Ref 11.
2.2.2 Diffusion length in SWIR ICIPs

At high temperatures, most of the material parameters (e.g., diffusion length and carrier lifetime) are unknown for the
type-1I SL material system. Often, diffusion length is inferred from the measurements of other parameters such as carrier
mobility and lifetime. These techniques require very precise setups and complicated optics'>'*. An easier approach to
extract the material parameters is to fit the dark current /-7 curves to the detailed mathematical equations used for carrier
transport in photodetectors. In these models, a large number of fitting parameters' could result in uncertainties in the
extracted parameters.

Here we propose a very simple, yet effective, technique to extract the diffusion length and its temperature
dependency in interband cascade photodetectors. Although we have applied this technique to ICIPs at high temperatures,
it can be used with any type of semiconductor devices and at any temperature, provided that the device dark current is
dominated by diffusion. This technique requires, at least, two photodetectors with similar designs but different absorber
thicknesses and/or number of stages. Having a larger set of similar detectors results in a more accurate determination of
diffusion length. While there is some uncertainty in the reported numbers, as further described later, we have presented
this technique for the benefit of the detector community. Further modifications and more results will be presented
elsewhere.

The device zero-bias resistance and area product (Ry4) in a diffusion-limited ICIP, with electrons as the minority
carriers, is described by'®:

ky TZ;

m tanh(d%e)

q2gthl‘e

Ryd = ; (M

where kg, T, dy, Le, g and g are Boltzmann constant, absolute temperature, absorber thickness in the m™ stage, electron
diffusion length, thermal generation rate and electric charge, respectively. Note that this equation is also applicable to
single-stage photodetectors. Once the diffusion-limited behavior of the device dark current is assured (this can be
examined by the device activation energy or observance of a flat region in the device dark I-V), the above equation can
be used to extract the device diffusion length. In this equation, there are two unknowns, diffusion length and thermal
generation rate. By using the R4 ratio between two photodetectors with different absorber thicknesses or number of
stages, we can remove the thermal generation rate. For example, the R4 ratio for the two SWIR ICIPs reported in this
work was:

1

+ ! + !
L O B /8 s /9
(Ro )y age SN ’
tanh(c%ej tanh(a%ej

where, d; and d, are the absorber thickness in the first and second stage of the two ICIPs and d; denotes the absorber
thickness in the third stage of the three-stage ICIP. Because the Ro4 ratio in Equation 2 is known from the
measurements, the device diffusion length (Z.), as the only unknown, can be readily found for each temperature.

There are four requirements related to this approach:
(1) Surface leakage currents are neglected in Equation 2. These currents are often present in type-II SL detectors, thus,
(RoA)vui, Which can be extracted from the plot of different sized detectors Ry4, can be used for more accurate
determination of the diffusion length.
(2) The device’s series resistance and the parasitic resistances from the measurement setup should be excluded from the
device measured resistance. In narrow bandgap photodetectors, these parasitic resistances are in the same order of
magnitude of the device resistance for certain device sizes at high temperatures and could result in significant
uncertainty in the diffusion length estimation.

2
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(3) The above ratio should be obtained for

detectors with similar material and processing 150 theory
quality. To ensure this assumption, the two SWIR ' “37\ [J 300K

ICIPs were grown by the same MBE system and in 1 320K
two consecutive growth runs with similar growth Y¢ 340K
conditions.

(4) The carriers’ transport should be controlled by
minority carriers. Depending on the device
bandgap, temperature, and the absorber doping
level, ambipolar effects (i.e. both electrons and
holes) could start to control the transport 4
dynamics.

Because the surface leakage currents are
present in the SWIR ICIPs, the (RyA )y extracted 1
from the size-dependent plot of different-sized
ICIPs was used for the Ry4 ratios. Figure 3 shows

R,A ratio
5
1

the theoretical Ry4 ratio for the two- and three- 1.40 oo AL M R R

stage ICIPs versus diffusion length. The single 10 100 1000 10000
g ’ Diffusion length (nm)

points on this curve represent the calculated ratios Figure 3: The theoretical curve and the measured R4 ratios

of the measured Ro4 values for 7=300-340 K. (single points on the curve) for 7=300- 340 K. The device

The minority carrier diffusion length was dark current was dominated by the diffusion process in this

estimated to be 450 nm at 300 K. The extracted temperature range.

diffusion lengths at different temperatures along with the R4 ratios are summarized in Table 1. Diffusion lengths were
well below 1 um at high temperatures. Typically, type-II SL detectors have absorber thickness of 1 to 3 pum. While thick
absorbers are required for sufficient photon absorption, short diffusion lengths limit the device quantum efficiency and
only photogenerated carriers generated within a diffusion length of the collection point(s) will contribute to the device
quantum efficiency and the rest of carries are wasted.

Table 1 Summary of the measured and extracted parameters for two- and three-stage SWIR ICIPs at room temperature and above.

Temperature (ROA)bzilk (Ro A)Three_mge Diffusion length
(K) (Q.cm”) e e— (nm)
Two-stage Three-stage (ROA)TW”*S’%’@
300 5.446 8.006 1.470 450
320 1.738 2.578 1.483 350
340 0.612 0.918 1.500 <170

2.3 Optical characteristics

The responsivity of the two SWIR ICIPs was measured using an FTIR spectrometer and a calibrated 800 K blackbody
source, placed 30 cm away from the detectors. Figures 4 (a) & (b) show the zero-bias response for representative two-
and three-stage ICIPs for 7=280-340 K. The zero-bias responsivity was nearly constant for both ICIPs in this
temperature range, indicating the ability of ICIPs to efficiently collect the photogenerated carriers at high temperatures.
At 2=2.1 pm, the responsivity in the three-stage ICIPs was 16% lower than in the two-stage ICIPs. This is probably due
to the imperfect photocurrent matching between different stages. Normalized Johnson-noise limited detectivity (at A=2.1
pm) was 5.1x10° and 5.8x10° cmHz"*/W for two- and three-stage ICIPs at 300 K. As shown in Figure 4 (c), the
normalized detectivity was larger in three-stage ICIPs at all temperatures. With improved photocurrent matching, larger
detectivities are expected for the three-stage ICIPs.
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Figure 4: Optical characteristics of the SWIR ICIPs: (a) Zero-bias responsivity for the two-stage ICIPs, (b) Zero-bias responsivity for
three-stage ICIPs, and (c) Johnson-noise limited detectivity for two- and three-stage devices.

3. HIGH-FREQUENCY OPERATION OF INTERBAND CASCADE DEVICES
3.1 Background

While many features of ICIPs (e.g., high-temperature operation with high detectivities, large device resistance, and low
noise have been investigated™**'*!7) the high-speed operation of ICIPs has not been studied until this work. The
common approach to achieve high speed in conventional photodetectors is to decrease the absorber thickness. Although
thin absorbers decrease the carriers’ transit time, the reduced quantum efficiency (QE) has a negative influence on the
device sensitivity. For this reason, the product of the device sensitivity and bandwidth remains constant in single-stage
photodetectors. In contrast to conventional single-stage photodetectors, where the high-frequency response costs on the
device sensitivity, ICIPs can simultaneously achieve high speed and large sensitivity. In thin-absorber ICIPs, the
photogenerated carriers travel very short distances (in the nm range), which results in short transit times. And the
multiple-stage structure of ICIPs secures large absorption efficiency and reduces the device noise.

In order to study the high-speed performance of ICIPs at room temperature, mid-wavelength ICIPs (4,=4.3 um) with
a different number of stages and absorber thicknesses were designed and grown by MBE. Figure 5 (a) shows the zero-
bias responsivity and Johnson-noise limited detectivity (D*) spectra of a three-stage reverse-configuration ICIP. The
absorber thicknesses were 312, 344.5 and 383.5 nm in the first, second and the third stages, respectively. The device
responsivity was 0.25 A/W and its D* exceeded 10° cmHz"*/W at 3 pm. Because of the thin absorbers, we can
reasonably assume that almost all of the photo-generated carriers are collected. As such, the absorption coefficient is
estimated to be larger than 5,400 cm™. This number is significantly larger than the expected values for type-II SL
absorbers. To further investigate the large responsivities observed in these ICIPs, a one-stage ICIP with absorber
thickness of 1,040 nm was grown to directly measure the absorption coefficient of the SL. The absorption coefficient
spectrum obtained from the transmission measurement is shown in Figure 5 (b). The measured absorption coefficient
was ~3,300 cm™ at 3 um, which is significantly smaller than the number extracted from the response measurements. The
large responsivities observed in these ICIPs are attributed to a possible gain mechanism in their structure. The short
absorbers employed in these ICIPs could result in a gain mechanism similar to gain in photoconductors. If the carriers’
transit time become shorter than their lifetime, it is possible to have gain in the device structure. Further investigations
are needed to understand the source of gain in these ICIPs.
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Figure 5: (a) The measured responsivity and normalized detectivity for the three-stage mid-wavelength ICIP. The emission spectrum
for the IC laser used in the high-frequency modulation is also provided. (b) The absorption spectrum for the type-II SL measured at
room temperature.

3.2 High-frequency modulation setup

and characterization .
. Spectrum analyzer : Al
In order to study the high-frequency signal generator
characteristics of ICIPs, an optical setup

. . AC
consisted of a type-I interband cascade (IC) =

AC
laser' .and. an ICIP was constructed, as Picoammeter o—-fDYé\— ]z;zs JWWW\/\/\/\ ]?;S —/;%w D(S:O‘L‘ircr:m
shown in Figure 6. The IC laser was operated ACADC ACHDC

at 7=293 K and was biased above the lasing

threshold at 200 mA DC current. The RF ICIP 1:SCer
signal was sweep-generated (200 kHz-1.2

GHz) by an analog signal generator. The
laser output was then collimated and focused
on the ICIP using a pair of germanium lenses.

The DC and AC output signals from the
detector were then separated with a bias-tee ]
and the RF signal was fed to a spectrum 0
analyzer.

Figure 6: Schematic diagram for the high-frequency modulation setup used to
characterize the high-frequency performance of MWIR ICIPs.

The measured frequency response includes
the frequency response of the IC laser and the
ICIP. Figure 7 shows the measured frequency
response of three different-sized ICIPs from
the three-stage MWIR wafer. Note that the
same IC laser was used during the high-
frequency characterizations. The system
frequency bandwidth was lower for larger size
ICIPs. This suggests the system performance
was limited by parasitic elements. The MWIR
high-frequency system had a 3-dB bandwidth
of 850 MHz with a 20x20 um® ICIP.

.54

104
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-15 —
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Figure 7: The measured frequency response for the

MWIR interband cascade system with different-sized

ICIPs.
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In order to identify the 3-dB bandwidth of 00 Lo o N o R
the IC laser and the ICIPs, a circuit model is Yy AN ANt y
introduced (see Figure 8). Most of the circuit
parameters such as the device series resistance Sfmf al T-Cep %[@ TC:  TCw Rs=50 0
(Rs), bonding pad capacitance (Cyp), bonding ) B
wire inductance (Lyy) and its resistance (Rpy) T T
were direcﬂy measured or calCUIated' The Interband Ca_i:adeLaser (ICL) Interband Cascaderlnﬁ'm'edPhotodetector (ICIP)
only unknown parameter in the circuit model

was the ICIP capacitance (Cy). Device Figure 8: The equivalent circuit used to model the high-frequency interband
capacitance was set as a fitting parameter to  cagcade system. R,, and R, are the output resistance of the signal generator and
satisfy the measured 3-dB bandwidth. The the input resistance of the spectrum analyzer, respectively.

calculated 3-dB bandwidth for the IC laser

was 760 MHz, which was mainly limited by the bonding pad capacitance. The measured system bandwidth was
generally higher in smaller-sized ICIPs indicating that the system bandwidth was limited by parasitic capacitances and
inductances. Bonding wires, wires and coaxial cables used in the setup and bonding pad capacitances were the main
sources of parasitic elements. The extracted 3-dB bandwidth for a 20x20 um? three-stage ICIP was 1.3 GHz at room
temperature. Representative ICIPs from this wafer had Johnson-noise limited detectivities larger than 10° cmHz"%/W
(Figure 5) at room temperature. These preliminary results demonstrate the ability of ICIPs to achieve high-speed
performance with a large device sensitivity even at high temperatures.

3.3 Time-domain characterization

While the frequency domain measurements are an effective tool to examine the performance of a mid-IR link, the time
domain measurements (e.g. eye diagrams) provide valuable information related to the signal integrity and the quality of
the optical link. The time domain setup was very similar to our high-frequency domain setup (Figure 6). Instead of the
analog signal generator, an arbitrary waveform generator (AWG) was used to generate pseudo-random bit sequences
(PRBS). Each period of the PRBS had 16 random bits (zeros and ones). On the receiver end, a high-frequency
oscilloscope was used to capture the received bits. The eye diagrams generated for three different ICIPs with different
number of stages and absorber thicknesses are displayed in Figure 9. The absorber thickness was 1,040 nm in the one-
stage ICIP, whereas the thickest absorbers were 383.5 and 591.5 nm in three- and eight-stage ICIPs, respectively. Note
that the AWG was able to generate PRBS with bit rates up to 50 Mb/s. Based on the frequency domain measurements of
the interband cascade system, clear and open eyes in significantly higher bit rates are expected. The generated eyes show
limited rise and fall times in the one-stage ICIP at 48 Mb/s, while the other two ICIPs (three- and eight-stage ICIPs) with
short absorbers and more stages did not exhibit any signal degradation up to this bit rate. Although all three ICIPs had
similar detectivities (~10° cmHz"*/W) at room temperature, the one-stage ICIP had degraded performance compared to
the other two ICIPs, showing that short absorbers and multiple stages are beneficial for high-speed applications.

Eight-stage - - 1 Three-stage One-stage

Figure 9: Eye diagrams for ICIPs with different number of stages and absorber thicknesses. Each horizontal division is 10 ns. Bit rate
was 48 Mb/s.

4. SUMMARY AND CONCLUSION

We report recent progress in the development of high-temperature and high-frequency ICIPs. Three-stage SWIR ICIPs
had larger detectivities than the two-stage counterparts, demonstrating the benefit of using more stages in these ICIPs.
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These devices had Johnson-noise limited detectivities comparable to the-state-of-the-art Hg;,Cd,Te detectors for similar
wavelengths. The extracted diffusion lengths at high temperatures were significantly shorter than the absorber thickness
in a typical single-stage type-II SL IR photodetector. Therefore, multiple-stage photodetectors such as ICIPs are required
at high temperatures.

Our high-frequency mid-wavelength interband cascade system (consisting of IC lasers and ICIPs) had a 3-dB bandwidth
exceeding 800 MHz at room temperature. The high-speed and high-sensitivity characteristics of ICIPs along with high
efficiency of IC lasers demonstrate the great promise of the interband cascade systems for applications such as
heterodyne detection, free space optical communication and high-speed spectroscopy.
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