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Analysis of VLWIR HgCdTe photodiode performance
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The performance of very long wavelength infrared (VLWIR) HgCdTe photodiodes at temperatures ranging from 77 K up to
150 K is presented. The effect of inherent and excess current mechanisms on quantum efficiency and dynamic resistance-area
RA product is analysed. Different methods of determining the ideality factor are shown and among them the one based on the
use of RA product versus bias voltage proves to be the most reliable. At higher temperatures, however, the calculated ideality
factor does not give any useful information about the nature of the p-n junction current due to significant influence of the se-
ries and shunt resistances. A comparison of the experimental data with the results of analytical and numerical calculations
shows that the photodiodes with cut-off wavelength up to 14.5 um are diffusion-limited at temperatures exceeding 100 K.
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1. Introduction

HgCdTe is well established as a variable gap semiconduc-
tor for fabricating of high-sensitivity detectors over a wide
infrared (IR) spectral range. A significant progress in
HgCdTe material and detector technology enables the fab-
rication of infrared detectors operating in very long wave-
length infrared (VLWIR) range A, = 14-17 pm). The back-
side-illuminated mesa P-on-n double-layer heterojunction
(DLHJ) has become the most widely applicable for use in
hybrid VLWIR focal plane arrays since the larger gap re-
duces the dark current contribution from the p-type mate-
rial [1]. Although a number of growth techniques are used
for device development, most detector material continues
to be grown by liquid phase epitaxy (LPE) because of the
combination of large wafer area with consistently high ma-
terial quality [2]. There are, however, significant problems
with the proper characterization of the photodiodes because
of very small energy gap (E, < 0.1 eV). Within this range
of E, the precision of determining the material composition
is very important, because small fluctuations in tempera-
ture can cause considerable shift in the cut-off wavelength
of the photodiode. Another inconvenience is the necessity
to apply small base layer doping concentration to avoid
tunneling currents. The low level of doping entails addi-
tional problems with the increase in series and contact
resistances as well as in the surface leakage currents, espe-
cially in case of improper surface passivation [3]. Next
phenomenon characteristic for the DLHJ is the formation
of a valence-band barrier and its negative or positive influ-
ence on detector parameters.
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In this work, the mesa isolated devices based on DLHJ
grown by LPE, with active region composition of x = 0.2,
are investigated. The measurements of current-voltage (I-V),
dynamic resistance-voltage (R-V) and capacity-voltage
(C-V) characteristics are performed. The dominant dark cur-
rent mechanisms impacting the photodiodes performance are
specified by the analysis of the I-V and R-V curves for low
reverse and forward biases and different temperatures of op-
eration. Due to low values of dynamic resistance (often
comparable to series resistance), there are difficulties with
determining the basic photodiode parameters, such as quan-
tum efficiency and RyA product. On account of that, the fol-
lowing relationships were analysed:

e influence of series resistance R, and shunt resistance R,
on junction parameters,

» the sources of the resistances and possibilities of their
reduction,

e ideality factor n as a function of temperature and sur-
face passivation,

e surface recombination velocity depending on the
method of passivation,

» significance of the valence-band barrier and lateral effects.

The experimental data are confirmed by theoretical pre-
dictions based on analytical calculations as well as numeri-
cal simulations. Photodiodes with cut-off wavelengths up
to 14.5 ym and performance determined by diffusion ef-
fects up to 100 K are demonstrated.

2. Device fabrication
The DLHJ structures used in fabrication of Hg;_ Cd,Te
photodiodes were grown on CdZnTe substrates by liquid

phase epitaxy (LPE). The n-type base layer with composi-
tion x = 0.2 was deliberately doped with indium at a level
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of about 5x104-1x10"> cm= and grown from Te-rich melt
at approximately 480°C. The thickness of the film was
about 17 pym. A 1-2 pm thick cap layer, arsenic doped
(10'7 ¢cm3), with a wide band-gap (x = 0.24) was grown in
second LPE process from Hg-rich melt at 360°C. The stan-
dard photolithographic techniques and etching in a 5%
Br:ethylene glycol were used for the fabrication of mesa
structures.

Electric contacts were made by thermal evaporation of
gold to P-type cap layer and indium to n-type active mate-
rial. Additional ion milling was performed prior to the in-
dium deposition, to improve the n-type contact.

Two different surface passivation methods were con-
ducted: CdTe and ZnS deposition on clear HgCdTe surface
by thermal evaporation under high vacuum conditions.

The current-voltage characteristics were measured in
liquid nitrogen cooled cryostat system for the temperature
range between 77 K and 150 K. The diodes were character-
ized by I-V and C-V measurements under dark conditions.
All the electrical measurements were done by computer
controlled digital programmable equipment.

3. Results and discussion

3.1. Electrical measurements

A typical measured current-voltage plot and corresponding
dynamic impedance of a 400 pm diameter diode at 77 K is
shown in Fig. 1. One can easily distinguish two linear re-
gions in the I-V plot. Under forward bias conditions, the re-
sistance of the photodiode is determined by the series resis-
tance — R,. Two main components contribute to the resis-
tance: the n-type base layer and the electric contacts. In the
reverse bias region, however, the influence of shunt resis-
tance — R, which is usually similar to the R,,,-value, pre-
dominates. The main source of the shunt resistance is a sur-
face leakage current connected with the passivation of the
junction. Both the series and the shunt resistances are com-
parable to the zero-bias junction resistance — R,. For the
presented photodiode the above-mentioned values are as
follows: Ry = 29 Q, Ry, = 552 Q, R, = 600 Q, and
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Fig. 1. Typical current-voltage and dynamic resistance-voltage
plots for a DLHJ photodiode.
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Ry, = 286 Q. The last value gives the zero-bias resis-
tance-area product RyA = 0.4 Q cm?,

All the characteristic resistances of a photodiode differ
depending on the way of passivation of the junction sur-
face, and the method of the electric contact deposition. Fig-
ure 2 shows several different plots of dynamic resis-
tance-area product as a function of bias voltage for
photodiodes with the same junction diameter equal to
400 pym. The curves marked by numbers 1, 2, and 3 corre-
spond to diodes with increasing contact resistance, respec-
tively. The influence of the resistance is clearly visible un-
der the forward bias conditions and it makes it difficult to
precisely determine the R, value (curve 3). On the other
hand, the reverse-biased diodes exhibit sometimes a strong
tunneling effect (curves 4 and 5). The tunneling currents
are usually caused by the improper passivation of the p-n
junction surface. The shunt resistance R, is then practically
indeterminate and the R, value is getting closer to the
zero-bias resistance R,.

1.8
16 3 ‘ T=77K |
L LLLIE L ETT T FOV =0°
1.4 e |
[
1.2
2 .
1 JhbAdAAMAANAS AA AANSA AR AL

0.8
0.6
0.4 JpmaRees
0.2 |8

Dynamic resistance area product (Q cm?)

-0.2 0 0.2
Voltage (V)

Fig. 2. R-V plots for photodiodes made from the same material by
different methods.

In case of small R, value, the area of the p-n junction
has also an influence on the shape of the R-V characteris-
tics. Figure 3 shows three dynamic resistance-voltage plots
for photodiodes with different junction radius (1-200 pm,
2-90 pm, 3-65 pm). The visible drop in the RA product
with decreasing junction area is caused by the influence of
a surface leakage effect and lateral collection of charge car-
riers. Because of these effects, the series resistance R, has
minor impact on photodiodes with smaller junction dimen-
sions.

In order to obtain additional information about the
heterojunction, capacitance voltage (C-V) measurements
were performed (Fig. 4). The linear dependence 1/C? as a
function of voltage is the evidence of abrupt character of
the junction. The concentration of donors obtained from the
slope of the plot is with good agreement with the N, value
received from Hall effect measurements carried out on the
base layer material. The disturbance, which can be seen in
Fig. 4 near zero-bias, is probably a result of small va-
lence-band barrier on the heterojunction. The barrier pre-
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Fig. 3. R-V plots for photodiodes with different junction radius
(1-200 pm, 2-90 pm, 3—65 pm).

vents the charge carriers from flowing through the junction
and thus, the capacitance increases. A reverse bias reduces
the potential barrier and therefore the curve in Fig. 4
straightens. Extension of the linear part of the curve gives
at the intersection with voltage axis the V) value approxi-
mately equal to the energy gap of the base material (in eV).

More thorough analysis of the current-voltage charac-
teristics is necessary to specify the current mechanisms
which determine the performance of a VLWIR HgCdTe
photodiode. Figure 5 shows a natural logarithm of the
photodiode current as a function of applied voltage. Circles
on this figure indicate the experimental results. Assuming,
that the I-V plot is consistent with the Schockley equation:
I =1 [exp(qV/nkT) — 1] (where [ is the saturation current, k
is the the Boltzmann constant, ¢ is the electron charge, and
T is the absolute temperature) one can obtain the ideality
factor n, which determines the dominant carrier transport
mechanism. The factor is usually obtained from the slope
of the linear dependence of /n(I) on forward bias voltage
[4,5]. In such case the Schockley equation converts to: /n(I)
= In(ly) + qV/nkT. The value n = 1 indicates minority car-
rier diffusion, while n = 2 is obtained when generation and
recombination of electron-hole pairs in the photodiode de-
pletion region determines the forward dark current.
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Fig. 4. Reciprocal of squared capacitance as a function of reverse
bias voltage for a DLHJ photodiode.
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Proper assessment of the ideality factor, directly from
experimental results, is possible only when there is no
strong influence of the series resistance and shunt resis-
tance on the shape of I-V curve of a photodiode. Under for-
ward-bias conditions the R, value is particularly important,
because the voltage drop on the series resistance is getting
more significant. Thus, for VLWIR photodiodes the fol-
lowing equation should be used to determine the n value

V —IR
In(l) = In(/,) + % (1)

It is not always possible to precisely determine the se-
ries resistance from the experimental I-V curves and that is
why a method of selection of the R, was employed to ob-
tain a linear dependence of /n(I) on forward bias voltage.

Figure 5 shows a theoretical fit to the experimental re-
sults (black solid curve) with the factor n = 1.33 and the
saturation current /, = 2.76x10-° A, obtained by the method
described earlier. It is clearly seen that the fit is far from
the experimental points. The reason for that is connected
with strong influence of the R, and R, values, which were
not taken into consideration. The second fit (grey solid
line) was plotted assuming a model of a photodiode con-
sisted of an ideal p-n junction (with I-V dependence char-
acterized by the black curve), serial resistance R, and paral-
lel (shunt) resistance R;,. Such a model, on the other hand,
gives an excellent fit to the results of measurements. The
introduction of the Ry, is necessary, because in most cases
it reduces the junction resistance, even near the zero-bias.

The ideality factor n and the saturation current /, can be
used to determine a theoretical value of the zero-bias resis-
tance of the photodiode — R, using a simple formula:
Ry, = nkT/ql,. The Ry parameter calculated in this way, af-
ter taking into account the R, and R, resistances, is similar
to the measured value — R,. Table 1 gives examples of the
parameters obtained from the analysis of current-voltage
characteristics of different photodiodes based on the same
heterostructure. An interesting effect is that the experimen-
tal zero-bias resistance — R is always higher than the R
value, obtained from the fitting. Apart from the precision of
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Fig. 5. Theoretical fit to the experimental results of I-V
measurements.
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Table 1. Parameters of different VLWIR DLHJ photodiodes.

Sample n I, (A) Ry (Q) | R,u/Ryn Ry, Ry Ry Additional information

EL-2e 1.33 2.76x107° 9 1400 3196 982 1050 | junction radius = 65 pm

E-d6 1.41 1.33x1073 23 550 703 333 370 square 400x400 pm?2

EN-1b 1.89 2.04x1073 16 2500 614 510 600 square 400x400 pm?2

E-d21d 148 | 1.14x10° 73 4500 861 795 750 | square 300x300 pm?; high R, and Ry,
E-d18f 2.37 2.32x1073 45 1400 678 502 495 square 400x400 um?; high R, value
E-dl4c 2.93 3.77x107° 50 2000 516 461 495 | square 400x400 pm?; high R, value
EA-29d 5.71 5.19x107 42 1400/905 730 523 600 junction radius = 200 um; tunneling
EB-28c 4.50 3.46x107° 45 1400/950 863 579 700 junction radius = 200 pm; tunneling
determining the fitting parameters, the reason of the differ- 8 518
ence can be also connected with a potential barrier, which o § 16— .
can appear at the heterostructure [6] and this phenomenon 7 T g 14 \‘F'

is not considered in the analytical calculations. —_ %ﬁ-\\i\\&\\* L "0 w0 e 100 110 120

An ideality factor of 1.33 was determined from the fit & 6 ST S Temperature (K)

to the best I-V characteristics, indicating that these devices @ —— 77K N \}_\

are almost diffusion limited at liquid nitrogen temperature. S 5 17° 87K — g g ,

. . . . . . . —A— 91K 3 Junction area

The increase in series resistance entails also an increase in = 99K 400x400 pm?2
the ideality factor, even over 2, but it cannot be interpreted 41— 100k |

as stronger influence of the generation-recombination cur- 114K L
rent, which will be proved later. If tunneling currents deter- 30'1 _0.05 0 0_65 0.1

mine the junction resistance, the ideality factor exceeds the
value of 2 considerably. In most cases, the n-value in-
creases with the increase in temperature. Such behaviour is
inexplicable from the physical point of view and can be ex-
plained simply as a result of the increase in Ry/R ratio.

In higher temperatures, when the ratio is almost unity,
determining the ideality factor from the current-voltage
plot is practically impossible. In such cases another method
of obtaining the n-value, based on the use of dynamic resis-
tance versus bias voltage, is more reliable. The dynamic re-
sistance can be calculated from the I-V plot according to
the formula: R = (dl/dV)~!. Assuming, that the cur-
rent-voltage dependence is consistent with the Schockley
equation, we can obtain the following expression

nkT qV qV
R=——-=exp|———=|=Rpexp| ———= |
Iq nkT nkT

A natural logarithm performed on this formula gives a lin-
ear dependence

2

qV

nkT ©)

In(R) = In(R) —

In practice, however, the dynamic resistance-voltage
plot has a linear character only in limited range, where
there is no strong influence of the R, and R;,. With increas-
ing temperature the range is shifting to the reverse bias
voltages, what can be seen in Fig. 6 in the area outlined by
a broken line.
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Voltage (V)

Fig. 6. Dynamic resistance as a function of bias voltage for
different temperatures of operation.

The ideality factor n decreases from the value of 1.6 to
1.4 as the temperature grows from 77 K up to 100 K. The
growth indicates minor significance of the genera-
tion-recombination currents in higher temperatures. On the
other hand, the n-value increases rapidly for temperatures
exceeding 110 K. This effect is connected with too big in-
fluence of the series and shunt resistances, which are get-
ting comparable to the measured value of R,. Thus, the
ideality factor obtained from the /n(R)-V dependences at
higher temperatures does not give any useful information
about the nature of the current flowing through the p-n
junction. This conclusion can be further confirmed by the
results shown in Fig. 7.

The grey solid line in Fig. 7 represents analytical calcu-
lations of the RyA product, where the current is determined
only by diffusion of charge carriers in the n-type active
layer and the lifetime of the carriers is governed by the Au-
ger and radiative recombination effects. The square points
are taken directly from the I-V measurements. It is clear,
that the series resistance affects the RyA value at tempera-
tures above 110 K. At lower temperatures of operation the
shunt resistance has more significant influence on the pa-
rameter. The dotted points in Fig. 7 reflect the experimental
results after taking into account the values of R; and Ry,
The comparison with the theoretical line shows, that the
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Fig. 7. Comparison of the theoretical and experimental R)A
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photodiode is almost diffusion limited down to 100 K,
what is with good agreement with the results shown previ-
ously.

The value of the shunt resistance is determined by sur-
face leakage currents, which depend on the method of the
p-n junction passivation. To prove that, the measurements
of the RyA product as a function of the junction radius were
performed for photodiodes based on the same heterostruc-
ture, but with different surface treatment. The three lines in
Fig. 8 correspond to photodiodes without passivation, pas-
sivated with CdTe and ZnS.

The linear character of the dependences of the (RyA)~!
on the reciprocal junction radius indicates that the device
parameters are determined by the surface recombination
rather than by lateral effects. Comparison of the slopes of
the plots with the following equation

2
1 1 L 2gn;ws

1

“

enables obtaining the surface recombination velocities s,
and the intersection with vertical axis gives the one-dimen-
sional RyA;p product [7]. The other parameters in the equa-
tion are as follows: L. is the lateral collection length, ¢ is
the electron charge, #; is the intrinsic carrier concentration,
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Fig. 8. Reciprocal RyA product as a function of reciprocal junction
radius for photodiodes with different surface passivation.
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Fig. 9. Simulated R-V plots for photodiodes with different surface
recombination velocities.

w is the depletion region width, and V,; is the built-in volt-
age. The lowest surface recombination velocity is observed
for photodiodes without any passivation, while CdTe usu-
ally doubles the velocity and ZnS makes it three times
higher. The one-dimensional RyA;, product obtained from
the above plots is about 2 Qcm? regardless of the
passivation method, what is with good agreement with the-
oretical value.

In order to confirm the results presented in Fig. 8, nu-
merical simulations were performed for a photodiode with
junction radius equal 50 pm and surface recombination ve-
locity varying from 0 to 10° m/s. Figure 9 shows the de-
pendence of calculated R-V plots on the magnitude of the
recombination. The dynamic resistance near zero-bias de-
creases with the increase in the velocity of the recombina-
tion. Experimental values of the RyA product are consistent
with the results of simulations and they are presented in
Fig. 9 as open circles.

The slope of the linear range of R-V plot decreases with
increasing velocity of the surface recombination, which
means that the ideality factor increases as well. The n-value
calculated accordingly to the results presented in Fig. 9
varies from 1 for the case without the recombination,
through 1.18, 1.70, and 3.35 for the recombination veloci-
ties of 104, 105, and 10° m/s respectively. Therefore the ex-
perimental ideality factors higher than 1 might be con-
nected with the surface recombination rather than with the
generation-recombination currents in the junction depletion
region. This conclusion shows, that it is necessary to con-
sider the shunt resistance, which is due to the surface re-
combination, to obtain a reliable value of the ideality fac-
tor. Thus, the discrepancies between the individual values
of n in Table 1 can be, among other things, caused by the
different surface passivation.

3.2. Optical measurements

Transmission measurements of Hg; Cd, Te material at
room temperature are combined with processed material
detector spectral measurements at cryogenic temperatures
to extract the material x value. A Fourier transform infrared
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spectrometer is used to measure the transmission of the
layer versus wavelength, yielding material x value and
thickness information. Following Hg;_,Cd, Te detector pro-
cessing, the spectral response and quantum efficiency of
the detector is measured. The modelled and measured
quantum efficiencies versus wavelength are displayed in
Fig. 10 for the cut-off wavelength A. = 14.5 pm at 77 K.
The measured HgCdTe active layer thickness and the value
of A, are the input parameters to the model. The x,,, value
is a fitting parameter that best replicates the shape of the
measured quantum efficiency of the detector depending on
the wavelength of incident radiation [8]. An x,, = 0.202
was extracted from the quantum efficiency versus wave-
length displayed in Fig. 10. The energy-gap corresponding
to this composition is 0.08 eV, what agrees with the previ-
ously shown value of V), (Fig. 4).
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Fig. 10. Measured and calculated normalised quantum efficiency
of a VLWIR photodiode.

Because of a large number of factors influencing the
measured quantum efficiency of a VLWIR photodiode (ab-
sorption coefficient, active layer thickness, lateral collec-
tion, diffusion length, valence band barrier, series resis-
tance) the value obtained in usual conditions, i.e., for
zero-bias voltage, is not entirely reliable. Much more infor-
mation can be received from the measurements performed
as a function of applied voltage. Figure 11 presents the nor-
malized quantum efficiency for three different photodiodes
based on the same heterostructure.

The bias dependence of the quantum efficiency for
three types of barriers (small — curve 1, higher — curve 2
and the highest — curve 3) have been determined and shown
in Fig. 11. The results were also verified by numerical sim-
ulations, which show that the height of the barrier depends
directly on the location of the p-n junction within the
heterostructure and it grows when the junction is shifted to-
wards the wider-gap region [9,10]. In practice, the control
of the junction placement is carried out by a selection of
appropriate parameters of annealing (temperature and time)
in Hg vapours. The annealing process must be performed
carefully to avoid the excessive interdiffusion at the
heterojunction.
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Fig. 11. Normalised quantum efficiency for three photodiodes with
different potential barriers at the heterojunction.

All the measured values of quantum efficiency showed
a drop near the zero bias voltage but the effect was much
more significant for the diodes with higher potential barri-
ers (curves 2 and 3). Applying of reverse bias reduces the
valence-band barrier and therefore improves the quantum
efficiency. At forward bias the photocurrent decreases to
zero and then it changes its sign and suddenly increases due
to domination of photoconduction effect over the photovol-
taic signal. Photodiodes with the dependence of quantum
efficiency on bias voltage similar to the one represented by
the curve 1 in Fig. 11 exhibit the best performance.

4. Conclusions

The performance of VLWIR HgCdTe photodiodes has
been analysed. It was found that the I-V and R-V character-
istics are difficult to explain by a simple p-n junction model
at liquid nitrogen temperature because the R, R,, and R,,,,,
resistances are comparable to each other. The ideality fac-
tor varies from 1 to several depending on the surface treat-
ment. The increase in n can be caused by different mecha-
nisms: generation-recombination current in the depletion
region, surface recombination or tunneling. Proper deter-
mining of the ideality factor requires taking into consider-
ation the series and shunt resistances, especially at higher
temperatures. When the impact of the R, and Ry, is particu-
larly significant, it is better to determine the n-value from
the linear slope of the /n(R) dependence on bias voltage
rather than from the I-V curve.

In order to achieve a full explanation of the observed
phenomena, additional measurements and analysis of the
temperature dependencies are necessary. The most reliable
information about the dominating effects can be obtained
from the relationship between dynamic resistance and bias
voltage, measured for several different temperatures of op-
eration. The analysis of photocurrent as a function of ap-
plied voltage should be performed to estimate the quantum
efficiency and assess the significance of potential barrier at
the heterojunction.

The best parameters were obtained for the photodiodes
without passivation. The performance of passivated photo-
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diodes was limited mainly by the surface recombination
and the reduction was more significant for ZnS than for
CdTe. Our results indicate that further improvements in the
performance of the VLWIR DLHJ HgCdTe photodiodes
can be achieved by better surface passivation.
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