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ABSTRACT

Two color mid-wave triple layer heterojunction HgCdTe detectors were studied using
temperature-dependent current-voltdde—V ) measurements, temperature-dependent spectral
response measurements, and temperature-dependent noise measurements. The reverse biased dark
current shows diffusion-limited behavior fdr > 125K . The same data shows evidence for
generation-recombination type behavior at temperatures befli2@f and125K. For
temperatures less thdfDOK, the measurements are limited background by photon flux, even
though these measurements are performed at nominal zero background. The upper junction
shows reverse breakdown voltages on the order of a#@0mV, while the bottom

junction shows no breakdown ff <500mV. At 80K, the R, Aproduct is in excess of

1x10°PQ —cn. In forward bias, the current-voltage characteristics of the lower junction are
diffusion limited for all temperatures, while at lower temperatures, the upper junction showed
generation-recombination behavior. Optical measurements found a cutoff wavelength of about

4 mfor the lower junction and abodt.5umfor the upper junction. The temperature
dependence of the cutoff wavelength agrees with theory. The spectral crosstalk was less than
5%. At 80K, the noise of the shorter wavelength junction could not be distinguished from the

instrument noise, regardless of bias. For the longer wavelength junction, the noise at lower
frequencies increases with bias. There is no difference in the noise characteristics when either
the photon flux or the temperature is increased.

1.0 INTRODUCTION

Two-color midwave HgCdTe heterojunction based infrared focal plane arrays (IRFPAS) are being
developed for tactical aircraft missile approach warning sensors. These sensors operate in high ambient

temperature environments on the aircraft/0'C , making sensor power dissipation a critical issue. Total
sensor power is dominated by the focal plane cooler, so that the ability to operate at temperatures above the

90K currently employed using InSb focal planes, offers significant opportunity for sensor power
reduction. To this end, we have investigated the performance of such detector test structures in the

temperature range frol8OK to 180K. Here we report on temperature dependent current-voltage
(I =V) measurements, temperature-dependent spectral response measurements, and noise measurements,
both as a function of temperature and bias.



2.0 DETECTOR

Santa Barbara Research Center has fabrick2&X 128focal plane arrays for use in two-color
MWIR applications. These FPAs consist of stackBd- p— n triple layer heterojunction (TLHJ)

devices in HQCdTe grown by MBE on CdZnTe substrates, as shown in figure 1. These detectors consist of
two back to backp — N heterojunctions. The bandgaps are determined by the alloy composition of the

Hg,_, Cd, Tewith a nominal value o = 0.335in the MWIR-1 layer,X = 0.36in the p-type layer,

and X = 0.32in the MWIR-2 layer. The net donor concentration in battype layers is

Ny =3x 10°cni®, while the net acceptor concentration in fréype layer isN, =1x 10%cmi®.

The layer thicknesses are chosen to provide a sharp cutoff wavelength; the corresponding widths are:
MWIR-1 10um, the cap layer aboub.5um, and the MWIR-2 layer abos/m The detectors are back-

illuminated through the substrate. The shorter wavelength photons are absorbed by tine-tigpeer
(MWIR-1) layer and captured at the lowgr— Njunction. This layer also acts as a filter, only allowing

longer wavelength photons to pass into the MWIR-2 layer. These diodes were produced in both a single

and double mesa format with junction areas of approximaeiyl 0> cnr.

Figure 2 shows a unit cell for both single and double mesa architectures. The double mesa
architecture is the established method for two-color applications; it provides for great&bfatill
factor in the MWIR-2 layer. The novel single mesa architecture provides for great&@QBéfill factor in
the MWIR-2 layer. (Both architectures provitl®@0%fill factor for the MWIR-1 layer.)

3.0 I-V MEASUREMENTS

| =V characteristics were measured as a function of temperature for both single- and double-
mesa architectures. These were also measured as a function of position in the array: the center of the array,
the interior of the array (but not at the center), and the perimeter of the array. Figure 3 shows typical

| =V curves atBOK at nominal zero background for the longer cutoff wavelength top junction, and
shorter cutoff wavelength bottom junction, located at the edge of the array. At a reverse bias of about

50mV, dark current densities dfOnA/ cnf and 90nA/ cnfwere observed for the upper and lower

junctions respectively. Both junctions exhibit open circuit voltages of dB0mV. Therefore, a
significant fraction of this “dark current” is attributed to photocurrent resulting from non-optimal cold

shielding. The photocurrents are equivalent to photon fluxes of 5n432L01° and
5x 10" photond sed] cri. The temperature dependence of this zero Blad\is shown in figure 4.
At 80K the R, Aproduct calculated from the reverse biased dark current is on the order of

1x10PQ - cn?, and remains greater thd®* Q — cn?, consistent with background limited
performance for the missile warning application, ud#6K. The activation energy derived from a curve
of this R, Aversus the inverse temperature is systematically larger than the cutoff wavelength found from

spectral response measurements with a scatter about the average asli@ffedas to complications
from excess photocurrent at reverse bias. This increase may be attributed to generation from the cap layer.

Therefore, R, Awas calculated from the forward bids—V characteristics at biases such that the current
greatly exceeds the photocurrent. Figure 5 showdhA as a function of inverse temperature for both

junctions shown in figure 3. The activation energy0a288V / K for the top junction indicates
diffusion-limited behavior forT >130K . For temperatures less than abd30K , there is evidence of

generation-recombination for the top junction. This is shown in figure 5 with an ene@gydseV / K,
which is exactly half the energy at higher temperatures. This behavior was not seen for the lower junction.

1 J.E. Jensen, R.D. Rajavel, O.K. Wu, and D.M. Janfrac. of the 1997 Mtg. of the IRIS Specialty
Group on Infrared Detectorq. 361. (1998).



The behavior shown here is typical of all the longer wavelength junctions tested. For the shorter wavelength
junction, a plot of R, A as a function of inverse temperature indicates diffusion limited behavior (for

forward bias) for all temperatures. The activation energies rangedX8#n 322neVfor the lower
junction and from258— 29IneVfor the upper junction. The upper junction shows reverse breakdown

voltages(| >10"amps of approximately400mV, while the bottom junction shows no breakdown

for voltages less thabOOmMV.

Unfortunately, it was difficult to perform any statistical analysis on the uniformity of the activation
energies derived from this method, and therefore difficult to make any quantitative statement about the
performance of the diodes based upon the architecture and placement in the array because only thirty-two of
the devices were wired and not all of these met the required specifications. However, no real difference
could be distinguished between the two types of device architecture, which is promising. This suggests that
there is no degradation of performance when the single-mesa architecture is used, and it is more beneficial
due to the above mentioned filling factor considerations. In addition, there is no clear trend of behavior
based upon the placement of the device in the array.

4.0 SPECTRAL RESPONSE MEASUREMENTS

Spectral response measurements taken at 80K under flood illumination, shown in figure 6, found a
cutoff wavelength of3.92umfor the lower junction andl.49umfor the upper junction, with spectral
crosstalk away from the cross-over region less %o The intensity of the response for the shorter
wavelength junction increased with increasing temperature, finally coming to some equilibrium value at
higher temperatures, while the response for the longer wavelength junction remained essentially constant, as
shown in figure 8. In order to ensure that this temperature dependence was not due to anomalous lateral
collection from some region away from the junction, focused spot broadband blackbody measurements were
performed. This data exhibits the same temperature dependence as the wavelength dependent measurement.
This fact leads us to believe that the temperature-dependent intensity is real. In addition, there is a shoulder
on the long wavelength side of the shorter wavelength spectral response that increases with temperature,
shown in both figures 7 and 8. This corresponds to increased spectral crosstalk for long wavelength
response in the shorter wavelength junction. The mechanism for this shoulder is not currently understood.

The value of the optical energy gap biig,_, Cd, Tefollows the Schmidt-Hansen-Casselman
equatiofi, given by
T
E, =-0313+ 178%+ 044# - 123¢+ .0932+( .0667. 1744 . 036%
for T > 70K ,where Eg is given ineV, Tisin K,and Xis fraction of CdTe Figure 9 shows a

comparison of the cutoff wavelength found with the above equation. For the longer wavelength junction,
the equation fit quite nicely to the data usixge 0.3125which is close to the expected value of

X = 0.32 For the shorter wavelength junction, the equation fit to the data ¥sin€).336G which is very
nearly the exact number expected. The data fits well to this equation at lower temperatures; however, at
T =120,the data begins to deviate from the expected values, laegey than the equation suggests. If

we ignore the existence of the anomalous shoulder in the spectrum and extrapolate between the data points,
we find the curve given in the bottom trace of figure 9, which agrees very well.

2G.L. Hansen, J.L. Schmidt, and T.N. CasselmaAppl. Phys53, 7099 (1982).



5.0 NOISE MEASUREMENTS

At 80K, an examination of the noise characteristics of the shorter wavelength junction was
inconclusive, as the detector noise was less than the instrumentation noise floor (approximately equal to
01pA/ \/WZ) for all biases less than or equal@®@0mV. The same result was found for the longer
wavelength junction for all biases less tHHIOMYV. However, for reverse biases greater than or equal to
100mV, the noise current is both frequency-dependent for frequencies less than about
1000Hz, following a f _'5dependence, and bias-dependent, getting larger as the reverse bias gets larger.
The current noise changes by about two orders of magnitude from a B&s0f to 600mV. At
50mV, with a dark current density of. 5nA/ cnf, the current noise d&Hzis 5.04pA/ \/WZ At a

reverse bias 00mMV, with a dark current density df85x% 101[1A/ cnt,the noise current dtHzis

5.38x 10°? pPA/+ Hz Theoretical calculatiodgound that the frequency-dependent noise current will
follow the form
I B
— t
rase = 0 ¢ 5

noise —

where | _..is givenin A/ «/ Hz, 1, is the tunneling curren®y is a constant =1/ 2, andd =1/ 2

Figure 10 shows current noise as a function of frequency for a reverse BBV, which is typical of

all other biases greater thd00mV. We found that0.38< d < Q1§ for the different biases, increasing
as the bias is decreased. Figure 11 shows the noise current as a function of the tunneling current with

B=1/2 The slope ixx =383x 10*, which is two orders magnitude larger than that found in
reference 3. When the temperature is increased IB®&K, or the devices are exposed to radiation up to

a factor of five over th95K background radiation, there is no change in the noise characteristics, further
suggesting that the noise is not diffusion current or generation-recombination related.

6.0 CONCLUSIONS

Two-color midwave HgCdTe detector test structures were studied extensivelyR; Pgroduct

calculated from both forward- and reverse-biasedV characteristics indicate diffusion-limited behavior
for both junctions down td = 130K . The upper junction shows generation-recombination behavior for
T <130K with an activation energy half that of the diffusion-limited temperatures. No systematic
differences were observed between the two different mesa architectures, nor could any differences be
attributed to the placement of the diode in the array. Spectral response measurements showed a cutoff
wavelength of aboudl.5um for the upper junction and abodtOum for the lower junction. Spectral

crosstalk alBOK was less thar9%, with the spectral crosstalk of the upper junction increasing as the
temperature increases. The noise measurements suggest that the noise in the frequency-dependent regime is
limited by tunneling current, as the noise characteristics are neither temperature- nor radiation-dependent.

The occurrence of generation-recombination currents, soft tunnel breakdown, and excess low
frequency noise for the top junction implies that the electrical quality of the top junction is inferior to that of
the bottom junction. This may be attributed to difficulty in obtaining high quality base layer growth on

%Y. Nemirovsky and A. Unikovsky, J. Vac. Technol18 1602 (1992).



top of the As-doped cap layer. In spite of this, the performance of these devices is adequate for missile

warning applications for operating temperatures up4@K. Further improvements in the junction quality
would allow for BLIP operation under reduced flux conditions.

This work was supported by the Office of Naval Research.

e ASEE Post-doctoral fellow.
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Figure 1. Schematic picture of the TLHJ. Mid-1 Base Layer is the array common, and also where the
shorter wavelength photons are captured. Mid-2 Base Layer is where the longer wavelength photons are
captured.



DOUBLE MESA SINGLE MESA

Figure 2. Unit cell layout for the two-color simultaneous detector discussed here. The double mesa
structure on the left is the traditional architecture for these devices; it proxiB&90 fill factor in the

MWIR-2 layer. The single mesa architecture on the right provk&$% fill factor in the MWIR-2
layer.
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Figure 3. | =V curves at nominal zero background for a single-mesa upper and lower junction located at
the edge of the array.
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Figure 4. R, Afrom reverse bias dark current as a function of inverse temperature for both junctions shown
in figure 3.
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Figure 5. R, Acalculated from forward bias characteristics as a function of inverse temperature for both
junctions shown in figure 3.
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Figure 6. Relative responsivity for both junctions for a single-mesa architecture, centered device. The
shorter wavelength junction has a cutoff wavelength of aBAZmand the longer wavelength junction

has a cutoff of aboud.49um.
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Figure 7. Relative response as a function of wavelength for the shorter wavelength junction for some
representative temperatures. Notice how there is an anomalous longer wavelength response that appears as
the temperature is increased.
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Figure 8. Intensity of the spectral response measurements as a function of temperature. The upper three
data sets are for flood illumination; the bottom trace is for focused spot measurements.
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Figure 9. Temperature-dependence of the cutoff wavelength for both junctions.
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Figure 10. Noise current as a function of frequencyB&IK for a reverse bias @00mV on a log-log

1
scale. The solid line is of the forﬁ?ﬁ indicating that the noise is detector dependent.
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Figure 11. Noise current as a function of the square root of the dark current for the upper junction. The
dashed line gives a slope of abdbix 10™.



