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Abstract. The behavior of the gain-voltage characteristic of the mid-wavelength infrared cutoff HgCdTe linear
mode avalanche photodiode (e-APD) is discussed both experimentally and theoretically as a function of the
width of the multiplication region. Data are shown that demonstrate a strong dependence of the gain at a
given bias voltage on the width of the n~ gain region. Geometrical and fundamental theoretical models are exam-
ined to explain this behavior. The geometrical model takes into account the gain-dependent optical fill factor of
the cylindrical APD. The theoretical model is based on the ballistic ionization model being developed for the
HgCdTe APD. It is concluded that the fundamental theoretical explanation is the dominant effect. A model
is developed that combines both the geometrical and fundamental effects. The model also takes into account
the effect of the varying multiplication width in the low bias region of the gain-voltage curve. It is concluded that
the lower than expected gain seen in the first 2 x 8 HgCdTe linear mode photon counting APD arrays, and higher
excess noise factor, was very likely due to the larger than typical multiplication region length in the photon count-

ing APD pixel design. The implications of these effects on device photon counting performance are discussed.©
2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.53.8.081906]
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1 Introduction

The development of the electron initiated HgCdTe linear
mode avalanche photodiode (e-APD) for photon counting
has continued since the last published results in 2011.'
This first HgCdTe linear mode photon counting (LMPC)
array was a success. A high single photon signal-to-noise
ratio (SNR) of 13.7 was demonstrated with near 50% photon
detection efficiency and 7 ns minimum time between events.”?
However, the original 2011 paper left some open questions
which are being addressed by an NASA Earth Sciences
Technology Office (ESTO) Advanced Component Technol-
ogy (ACT) program out of the Goddard Space Flight
Center. One of the open questions was a lower than expected
gain. Another was a higher than expected excess noise
factor.

Although we successfully demonstrated the linear mode
photon counting with these devices, there was a discrepancy
between the measured and the predicted APD gain. The SNR
would have been higher at lower APD bias voltages if the
actual APD gain was as high as expected based on previous
gain measurements on APDs with the same cutoff wave-
length. This paper explains the possible causes of the dis-
crepancy and hopefully provides guidance to further
improve the device performance.

In order to detect single photons in a linear mode APD,
the ability to achieve high gains with low excess noise factor
is key. The high gain is necessary to bring the typically high
bandwidth impulse signal from a photon generated minority
carrier up to the point where it exceeds the broadband noise
of the preamp by sufficient margin to allow a high
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probability of detection and with a low probability of a
false detection. In addition, the excess noise factor reflects
the magnitude of the variance of the gain from event to
event and, in part, determines what gain is needed for a
high probability of detect. For this reason, it is important
to understand what affects the gain and excess noise factor
in our APDs devices.

The LMPC APD gain at 13 V was about one-fifth to one-
seventh of what was expected based on previous data on
other HgCdTe APDs with the same cutoff wavelength
(bandgap). We now believe this lower gain is due to the
use of an APD design with a larger than typical multiplica-
tion region width which was implemented for the purpose of
reducing diffusion jitter. As with the gain, the higher excess
noise factor may also be related to the higher than typical
width of the multiplication region. Here, we will describe
the experimental results, and then provide our latest under-
standing of the basic underlying model with respect to
explaining the discrepancies. The data will show that, as
the multiplication width is increased, the gain at a particular
bias will be lower. We then provide a deterministic gain
model for the APD which predicts this behavior. In particu-
lar, the model predicts a reduction in the APD gain at a given
bias voltage as the width of the multiplication region is
increased. Thus, the wider multiplication regions used in
these LMPC devices would explain the lower than expected
gain.

Researchers at CEA/LETI have previously published a
version of essentially the same model that also predicts a
similar gain dependence on multiplication region width.**
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Their model includes a noise model that predicts an increase
in the excess noise factor as the multiplication region width is
increased.” We conclude that the lower than expected gain
and higher than expected excess noise factor in our first
LMPC devices seem to be explained by these models.

2 APD Gain

The APD gain of the HgCdTe APD depends primarily on the
bandgap. It has been pointed out that the measured APD gain
would also depend on the device geometry in cases for flood
illumination where both the absorber region and the multi-
plication region are illuminated.” This analysis predicts a
multiplication region length dependence which, as shown
below, is weak compared to the effect predicted by funda-
mental theory. The recent theoretical work, mentioned pre-
viously, predicts that the gain and excess noise factor should
depend on the length of the multiplication region. Below we
first present data that shows the dependence of the gain-volt-
age characteristic on the thickness of the n~ region, which,
when fully depleted, becomes the multiplication width. We
then compare the data to the predictions of the geometrical
and deterministic models.

2.1 Measurement Results

The arrays that are compared all have 64 pum pitch pixels.
Each pixel is composed of a 2 X2 array of 32 ym pitch
APDs connected together in parallel. The cutoff wavelengths
are very close, near 4.3 ym at 77 K. The via diameters are
6 ym. The major difference is in the diameter of the n™ region
(also referred to as the “junction diameter”), shown in Fig. 1.
The junction diameters are measured using a defect etch on
witness slices in the same lot, and are, therefore, estimates. In
the case of the typical APDs, the measured witness sample
junction diameters were 15.1 to 15.5 ym. For a 6 ym via with
an estimated 1-ym thick surrounding n* region, this trans-
lates into an n~ region width, W, 3.5 to 3.8 ym. For the
LMPC case gain-voltage, data were measured on adjacent
test diodes of the same geometry as the array pixels. The
junction diameter was 23 um for an estimated n~ region
width of 7.5 ym. The n~ region is much wider in the
LMPC APD case.
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Fig. 1 Top view of avalanche photodiode (APD) unit cell showing the
diode pitch, junction diameter, via, n* ring, n~ gain region, and col-
lection region defined by the diffusion length (L.), P* region.
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Flood illuminated gain-voltage data for these devices are
compared in Fig. 2. As can be seen, the extrapolated gains in
the large W,, LMPC case are considerably lower at 12 V than
in the other two 4.3 ym cutoff APDs. In fact, the extrapolated
gain at 13 V for APD A4989-4A is 2825. This gain is a factor
of five higher than the extrapolated gain of 587 for the LMPC
APD. For A4989-1A, the extrapolated gain at 13 V is 4186.
This gain is a factor of seven higher than the gain for LMPC
APD. Also, note the difference in the threshold voltage
which is defined here as the voltage at which the gain
achieves a value of 2. The threshold voltage for the
LMPC APD is 4.7 V which is 1.1 and 1.8 V higher than
the other two cases. There is also a lower slope in the
LMPC case. The lower slope will be shown to be very likely
due to the fact that the depletion region did not “punch
through” to the n* region around the via. The difference
in gain between the two more typical, non-LMPC, APDs
could be related to a difference in n~ region width between
the two samples (A4989-1A has the smaller estimated W,,).

The same trend was seen more recently on 4 X 4 APDs
arrays fabricated on an NASA ESTO Instrument Incubator
Program (IIP), run by the Goddard Space Flight Center,
which also were purposely processed to have a larger than
typical junction diameter because of the larger than typical
pixel size (80 um). These APDs had a measured junction
diameter on witness samples of 22.4 ym and an estimated
n~ region width of 7.2 ym. In Fig. 3, the gain-voltage
data for a typical IIP APD is compared to an APD with a
similar cutoff but junction diameter of 15.1 um (n~
width = 3.5 ym). The lower gain higher threshold voltage
(3.2 V compared to 2.9 V) in the larger junction diameter
device is apparent. At high biases, the slopes are approxi-
mately the same.

On the NASA ACT program, we have recently fabricated
a2 x 8 LMPC lot, A8327, which shows similar dark current
and gain performance to the first LMPC lot, A7164. As with
A7164, the lot was processed to have large junction diam-
eters in the neighborhood of 23 ym. The actual junction
diameters measured on witness samples came out lower:
20 to 22 um. The gain-voltage data, shown in Fig. 4, indicate
a threshold voltage of 3.45 V and a gain at 13 V of around
1900. The lower threshold voltage and higher gain compared
to lot A7164 are apparent. The gain normalized dark current
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Fig. 2 Flood illumination gain-voltage data on two typical 4.3 ym cut-

off HgCdTe 32 um pitch APDs at 80 K compared to the LMPC fanout
pixel gain data. The gain = 2 threshold voltages are indicated.
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Fig. 3 Flood illumination gain-voltage data on 15 um junction diam-
eter APD (W, = 3.5 um) and a 22.4-um diameter APD (W, = 7.2).
The gain = 2 threshold voltages are indicated.

versus APD gain is plotted in Fig. 5. The gain normalized at a
gain of 1000 is around 1 fA corresponding to an input dark
electron rate of 6000 electrons/s. The gain normalized dark
current remains <5 fA (<30 ke/s) out to a gain of 1900.

In conclusion, our APD gain versus voltage data show a
dependence of gain on junction diameter. We next discuss
two explanations for why the gain depends on the junction
diameter.

2.2 Geometry Effect

The geometry effect on gain arises from the way the gain is
measured, and the fact that the effective optical collection
area of the cylindrical APD is a function of the APD
gain. The gain is typically measured under flooded illumina-
tion conditions. The photosignal is measured as a function of
bias. The measured gain is the ratio of the photosignal at high
bias to the photosignal at low bias where the gain is unity
(where the signal is bias independent). We assume the top
side illuminated cylindrical diode architecture, see Fig. 1,
in which both the central n-region and the surrounding p-
region are flood illuminated. We typically assume also
that the hole and electron diffusion lengths are larger than
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Fig. 4 Gain versus voltage data on A8327-8 (the cause of the gain
discontinuities in the data is not known at the present time).
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Fig. 5 Gain normalized dark current versus gain on A8327-8.

the dimensions of the n- and p-regions. We assume the
diodes are in a two-dimensional array of equally spaced
cylindrical APDs, in an orthogonal arrangement, where
the area of the p absorber region is determined by the inter-
diode pitch and the diameter of the n-region. This is a valid
assumption if the diffusion lengths of the hole on the n-side
and the electron on the p-side are larger than the width of the
n-region in the case of the hole, or the interjunction distance
in the case of the electron. In the low bias, unity gain, region
both the n- and p-regions contribute to the signal in propor-
tion to their effective areas in the pixel. In this case, assuming
long hole and electron diffusion lengths, the collection area
is the entire pixel except for the via (Fig. 1). If the electron
diffusion length, L,, is smaller than junction separation, then
the absorption region will be confined to the ring of width L,
around the n~ region, as shown by the dashed line in Fig. 1.
At high gains, the signal contribution from the n-side (the
multiplication region) becomes almost negligible compared
to the contribution of signal from the p-side which is fully
gained. Thus the measured gain does not reflect the true gain
but somewhat lower gain due to the optical fill factor. It can
be shown that the measured gain M .,q at high gains is
approximately equal to the true gain M times the ratio of
the APD mode fill factor FF, (effective p-region area) to
the unity gain fill factor FFug.g The approximation neglects
the optical signal generation in the multiplication region
which is small due to the very rapid reduction in gain moving
in from the junction boundary and the relatively small area of
the gain region itself

FF, - M

FE )]

M peasa =
ug

The typical 32 ym pitch 2 X 2 APD 64 um pitch pixels
have junction diameters from 15 to 18 um while the
LMPC pixel, in order to minimize jitter and maximize elec-
tron collection efficiency (eCE), had a junction diameter of
about 23 ym. These differences and their effect on the ratio of
the measured gains are tabulated in Table 1. As can be seen,
the expected gain reduction, based on the geometry, is small
compared to the measured differences in gain seen in Fig. 2.

The LMPC array, which was fabricated on vacancy doped
HgCdTe, should have had a shorter effective electron diffu-
sion length (e.g., 5 ym) than the other devices in Fig. 2 which
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Table1 Geometry factors for the 4.3 um cutoff devices compared in Fig. 2. These calculations assume that the hole and electron diffusion lengths
are long enough for 100% collection in the n-and p-regions, respectively, as defined by the pixel geometry.

Diode pitch Estimated junction Estimated n~ region Unity gain APD fill Normalized gain reduction
Device (um) diameter (um) width W,, (um) fill factor factor factor (FF,/FFyq)
A4989-1A 32 15.05 3.5 0.911 0.765 1.0°
A4989-4A 32 15.45 3.8 0.911 0.756 0.99
LMPC-22-R0O2 32 23.0 75 0.972 0.594 0.73

@Normalization reference.

were fabricated on copper doped HgCdTe. In this case, the experimental data for LWIR, MWIR, and SWIR HgCdTe

collection area on the p-side would be determined by the dif- e-APDs, with some degree of success. Shockley’s lucky
fusion length. We calculated an estimated gain factor in electron model is the preferred approach for APDs fabri-
which the collection area on the p-side is limited by the theo- cated on MWIR and LWIR cutoff HgCdTe, and can be
retical diffusion length of 5 ym. This reduces the measured set up in one of two ways, namely (1) with an arbitrary
gain even further since the area of the APD collection region number of adjustable parameters, which enable a fit to
is reduced relative to the area of the n-region. In the case of a experimental data, or (2) by appealing to the physics of
5 um diffusion length, the gain of the LMPC pixel is the problem, with the introduction of real world parameters
expected to be about 61% of the gain for the 15-ym diameter whose values should be consistent not only between them-
junction copper doped APDs in Fig. 2. Even in this case, the selves but also with other transport measurements of the
expected gain reduction factor of 0.6 is much less than seen material. An example of the second approach is the ballistic
experimentally. The calculation results for the diffusion transport model of the lucky electron as discussed by
length limited case are summarized in Table 2. Brennan,'® but now modified to allow for a Kane-type non-
In conclusion, the geometry effect, while predicting a parabolic conduction band. The resulting expression for the
reduced measured gain due to a larger junction diameter, electron ionization coefficient is given by
cannot explain the much larger discrepancy between the
gain seen in the wide n~ region LMPC APD and the gain o= qF ex |:__Eth /%] )
seen in APDs with narrower n~ regions. Ey gFt \| qE,|
where ¢ is the charge of an electron, E, is the bandgap, m;
2.3 HgCdTe APD Physics Predictions for Gain is the effective mass of the electron at the conduction band
Dependence on Multiplication Region Width minimum, F is the applied field, 7 is the relevant lifetime for
A multiplication region width dependence on gain and momentum scattering of the electron, and Ey, is the thresh-
excess noise factor were first reported by Perrias et al.® old energy for impact ionization. The pre-exponent term is
Then Rothman published a paper which proposed a his- merely the inverse of the ionization mean free path, Ay,
tory-dependent model® based on the ballistic model of where Ey = qFAp, and the exponent represents the prob-
Kinch” and the Shockley lucky electron model® to explain ability of the electron traveling for a time sufficiently long
this behavior. The ballistic model of Kinch predicts a multi- as to enable impact ionization, relative to the momentum
plication region width dependence on gain as will be scattering lifetime, 7. The avalanche gain for an e-APD
described below. with depletion width W, in a uniform electric field V /W,
The physics of avalanche multiplication as applied to is thus given by

HgCdTe has evolved over the years, since it was first
applied to LWIR material by Elliott et al.” in the 1989
US II-VI Workshop. Essentially k = 0 noiseless gains in
excess of 1000 for mid-wavelength infrared (MWIR)

G = exp(aW) = exp

qV —2E,W | m}
exp —2=
Ey qVt 2qu

HngTe have been rep.ort.ed l?y many groups,”.)’12 where qVv —2E,W
k is the hole to electron ionization ratio. A ballistic electron =expi—exp{— o — | (3)
theory>*’ has been developed in an attempt to model the th 4

Table2 Geometry factors for the 4.3 um cutoff devices compared in Fig. 2 where the collection area on the p-side is limited by the diffusion length.

Measured gain

Junction diameter Diffusion length L, Via radius at true Normalized gain

(um) (um) (um) Assumption gain of 1000  reduction factor
Copper doped 15 13 3 Ly, L, large-square geometry 885 1.08
Vacancy doped 23 5 3 Ly, large, Lg small-cylindrical geometry 532 0.601

aNormalization reference.

Optical Engineering 081906-4 August 2014 « Vol. 53(8)

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 04/25/2016 Terms of Use: http://spiedigitallibrary.or g/ss/'Ter msOfUse.aspx



Beck, Kinch, and Sun: Update on linear mode photon counting with the HgCdTe linear mode avalanche photodiode

where we have substituted for the high energy saturation
velocity v, = [2gE,/mj]'/?, providing a momentum
destroying mean free path 1 = vg,7. The gain, under
these conditions, is seen to be dependent on the threshold
energy Ey,, whereas the threshold voltage, i.e., the applied
voltage at which the gain is two, will be determined by both
the threshold energy, and the ratio of (W /). Ey, will depend
directly on the semiconductor bandgap at the specific oper-
ating temperature, and if elastic scattering is involved, will
also be affected by a degree of energy dispersion. The ratio
of the multiplication region width to the mean free path
(W/2) is where the gain dependence on multiplication
width comes from and reflects how many times the electron
will be scattered on its way across the multiplication region.
This dependence makes sense intuitively and also suggests
a reason for the predicted increase in excess noise factor as
W increases,’ as scattering events would be expected to
remove, at least partially, the deterministic nature of the
gain process.

Figure 6 illustrates the predicted dependence of gain on
bias voltage as a function of multiplication region width at
77 K for a 4.3 um cutoff for a mean free path of 3.2 um. The
assumed value of Ey, is 4.5E at the operating temperature in
question, in approximate agreement with early impact ion-
ization theory for MWIR HgCdTe. The predicted gains
are in the range displayed by the data of Figs. 2 and 3.
For the cases we are considering, if we assume a 6 ym
via with a 1 ym n* region, the n~ region width in the
case of the D4989 samples is about 3.5 to 3.8 ym for a pre-
dicted gain of near 3000 at 13 V from Fig. 6 which is con-
sistent with the data shown in Figs. 2 and 3. For the LMPC
case, the n~ region width is about 7.5 ym for a 23-ym diam-
eter diode for a predicted gain near 500, a factor of about 6
lower. In conclusion, the factor of 5 to 7 difference in high
bias gain between the LMPC APD and the other APDs is
explained by the theoretical model of Kinch for the
HgCdTe APD. Obviously, the above analysis involves sev-
eral approximations. Nevertheless, it indicates trends which
are in good agreement with the experimental results.

We would expect both the physics explanation and the
geometrical effect to come into play for the flood illumina-
tion measurements. Note that the physics model is calculat-
ing what is defined as the true or fundamental gain, while the

1x10*
=2 m
++ 4 um|
6 um
13"103 [ S Sym

100

Gain

é 7 8 ¢ 10 11 12 13 14
Bias (V)

Fig. 6 Gain-voltage calculation using Kinch model with fixed multipli-

cation region widths from 2 to 8 um. (for 4.3 ym cutoff HgCdTe,
A=3.2 um).
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geometrical model is calculating a correction to the measured
gain for the flood illumination case.

The model was updated to take into account the fact that
the multiplication width W depends on bias until the
depletion region reaches the n™ region, see Fig. 1. We
also added in the geometrical effect discussed above with
the approximation that neglects gain in the n-region. The
inclusion of the varying W effect to the model should
more accurately predict the behavior of the turn-on region
when the multiplication region length is still changing
with bias. The updated model predictions for gain versus
bias for an n~ region doping of 4 x 10'* cm™ are plotted
in Fig. 7. Figure 7 reveals the expected difference in behavior
at low bias. It also reveals an increase in the exponential
slope at intermediated voltages corresponding to the point
at which the depletion region reaches the n™ region and
stops growing. This change in slope has been seen experi-
mentally, for example see Fig. 3. In the high bias regime,
beyond punch-through the slopes are close to identical, as
expected. Notice that in Fig. 7 that punch-through has not
occurred up to 13 V for the 8-um wide n~ region case. It
is possible that this was the case for the LMPC device
shown in Fig. 2. This would explain the lower slope out
to 13 V. Figure 7, which represents the predicted “measured
gain,” as expected, shows lower gains due to the geometry
effect. The predicted gains are within the range of the mea-
sured data.

2.4 Excess Noise Factor

Researchers at CEA/LETI have developed the HgCdTe APD
theory to the point whereby it predicts an excess noise factor
dependence on the multiplication width.> This would be
expected as the width becomes larger than the mean free
path between scattering events. Even though single carrier
ionization behavior is probably not significantly affected,
scattering would be expected to at least partially remove
the deterministic (history-dependent) nature of the process.
Indeed, experimental data showing this dependence has been
published.>!

o 19" = 2 ym Dial = 12 ym
+ W=4ymDial =16 um
W =6 ym Dial =20 ym

lw -« W= 8 um Dial = 24 gm

Gain

L S - B A S 0
Bias (V)
Fig. 7 Gain-voltage for bias-dependent multiplication region widths

from 2 to 8 um (for 4.3 um cutoff HgCdTe at 77 K with
Np =4x10" cm=3, 1 = 3.2 um).
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3 Discussion

The lower than expected gain at a given bias can often be
compensated for by increasing the bias voltage. Indeed,
the first LMPC array achieved very good performance in
spite of the fact that the required bias was 2 to 3 V higher
than expected. In general, it is likely that requiring a larger
bias to achieve a required gain would reduce device yield. In
fact, as the bias gets higher, issues associated with defective
pixels become more problematic with regard to focal plane
array operation. In addition, lower bias voltage is even more
important for short cutoff HgCdTe APDs for which the
required biases are often prohibitively high from a readout
integrated circuit compatibility standpoint. Also, higher lin-
ear mode gain is desirable in terms of being able to meet
sensitivity requirements with good margin. Finally, the
use of a narrower multiplication region in the HgCdTe
APD is expected to reduce the excess noise factor. For
the HgCdTe photon counting pixel, higher gains and
lower excess noise factor (with lower jitter and higher elec-
tron collection efficiency) are expected to be achieved by
reducing both the n- region width and the APD pitch.

4 Summary

The accompanying paper “Linear mode photon counting
with the noiseless gain HgCdTe e-APD,”' reported on the
first single photon sensitive detectors in the near-infrared
to MWIR wavelength range. In this update to that paper,
the lower than expected gain and the higher than expected
excess noise factor in the linear mode photon counting
HgCdTe APD'? has been attributed to the wider than
usual multiplication region width used in the particular
design for this detector. We showed data on a number of
APDs that strongly indicated the gain dependence on multi-
plication region width. We then showed that the deterministic
model of Kinch’ predicts this dependence. Our results cor-
roborate the experimental findings and theoretical work of
Rothman.’

The deterministic model for APD gain was extended to
take into account the geometrical effects and the effect of
the varying multiplication region width as a function of
APD bias in the low bias region. These modifications are
expected to better reflect the measured gain of our APDs.
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