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Abstract: In this paper we propose an alternative approach to model the performance limiting current leakage mechanism in
GaSb-rich type II superlattice diodes than reported earlier. The reported conclusions are based on the analysis of the current —
voltage (I — V) and dynamic resistance — voltage (Rq — V) characteristics of these diodes. None of the carrier transport
parameters evaluated from independent measurements on similar samples are used in the present analysis as some of the
material parameters like carrier concentrations and mobilities are evaluated by Hall measurements along the planes parallel to
the deposited layers constituting the superlattice, whereas the transport of carriers in practical superlattice diodes takes place in
the vertical direction. Instead, we have used a method which extracts the desired parameters from the measured I — V itself.
Our analysis has shown that the GaSb-rich superlattice diode’s performance limiting leakage current mechanism is the
contribution from surface leakage currents, which have been modelled as shunt current that is of ohmic nature in low reverse
bias region near zero-bias. The same leakage current however grows in its own proportion leading to an exponential increase
of the leakage current in the higher reverse bias region. The reverse bias region corresponding to the exponential increase of
the leakage current exhibits consequent degradation in the dynamic resistance of the diode leaving behind a peak in the
dynamic resistance characteristic. The reverse bias voltage corresponding to the peak dynamic resistance is the limiting bias
voltage for the ohmic behaviour of the shunt current.
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GaSb-rich superlattice structures. In addition, they have also
highlighted the presence of an electric field that breaks the
mini bands in to localized Wannier—Stark states and
contribute to the strong tunnelling currents at low reverse
bias. The latter tunnelling currents were invoked to reconcile
the two orders of magnitude disagreement between the
minority carrier lifetime wused in the fitting of I-V
characteristics and the minority carrier lifetime of the GaSb-
rich superlattice structure evaluated from the independent
time resolved photoluminescence measurements. In this
connection it is worth mentioning here that these type II
superlattice structures have highly anisotropic nature of the
band structure and the resulting modified density of states
leads to the transport of carriers that may be quite different
from bulk isotropic systems [2].

We, in this paper, intend to use a method, which extracts
the desired information on the transport parameters of the

1. Introduction

The results of simulations of the current-voltage (I — V)
characteristics of type II GaSb-rich superlattice mid-wave
infrared (MWIR) photodiodes were reported [1] recently by
using ATLAS software from SILVACO. This software
essentially uses a bulk model based on the effective band gap
of superlattice material. The software further requires the
advance knowledge of the several material parameters like
carrier concentrations, mobility, lifetime of minority carriers
etc. from independent measurements. Alternatively, some of
these parameters, if not known are used as fitting parameters.
Delmas et. al. [1] in their investigation have reported the
main performance limiting leakage current mechanism of the
GaSb-rich superlattice diodes as trap-assisted-tunnelling
currents on account of the traps contributed by the defects in
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GaSb-rich superlattice IR photodiode from its measured I-V
characteristics itself. The analysis of the -V characteristics
and dynamic resistance—voltage (R—V) characteristics show
that the surface leakage current, which is essentially the shunt
current, is the dominant current mechanism that limits the
performance of these diodes. This analysis further shows that
the entire I-V and R4V characteristics of these diodes can
be very well accounted for without invoking the generation —
recombination (g-r) and tunnelling currents. Non-ideal
nature of the forward characteristics of the diode that lead to
an ideality factor of more than unity is assigned to the
contributions from the shunt / surface leakage currents [3, 4].
The reverse bias characteristics of these diodes appear to be
dominated by a process in which the current grows in its own
proportion leading to an exponential increase of the shunt
current in the medium and high reverse bias voltage range.
The low reverse bias region near zero-bias confirms to our
current knowledge of the ohmic shunt behaviour of surface
leakage currents.

This method allows quickly analysing not only a
photodiode behaviour but also the nonuniformity in the
photodiode array. Being a simple algebriac model with
numerical robustness and better computational efficiency
with respect to the conventional models [6-12], this may be
used to model the behaviour of photodiode arrays with
practically observed nonuniformity in their electrical
characteritics for use in the circuit simulation of readout
integrated circuit (ROIC) to ensure good matching and
compatibility between detector arrays and ROIC, leading to
the development of IR focal plane array technology [5, 6].

2. Physical Model

In the past the bulk-based models [7-13] that use effective
band gap of super-lattice material have been used to analyse
the electrical characteristics by including diffusion,
generation-recombination  (g-r), trap-assisted-tunnelling,
band-to-band tunnelling and shunt currents as the operating
transport current mechanisms within these types of super-
lattice diodes. The present paper however show that the
principal transport current mechanisms operating within the
diodes are the thermal diffusion of minority carriers to the
junction and surface leakage currents in addition to the
diffusion of background generated minority carrier current
(photocurrent) to the junction. Brief description of the
transport currents in the following paragraphs is therefore
limited to the thermal diffusion and shunt currents in addition
to the background generated photo-current, which accounts
for the finite current of the diode at zero-bias.

2.1. Diffusion Current

It is the most fundamental component of the diode current
that arise due to the diffusion of thermally generated minority
carriers from the quasi-neutral n- and p- regions to the
junction. The thermal diffusion current of an ideal dark p-n
junction diode is given by the following equation,

v
Laip = Ly [GXP[%j ‘1} (D

I, 1s the reverse bias saturation current of the diode. Its
numerical magnitude is dependent on the various material
and diode parameters like doping concentrations on the p and
n-side of the junction, the intrinsic carrier concentration in
the base material, diode’s junction area and the bias voltage,
the thickness of the p and n-regions of the diode, electron and
hole lifetimes, the electron and hole mobilities and the
electron and hole diffusion lengths of the diffusing minority
carriers from either side of the junction. The mathematical
equation that describes the relationship of the material
parameters with the diode saturation current, /,,, is available
in all standard text books on semiconductor devices and is
not repeated here. Moreover, the present work is not making
use of this relationship or independently known values of any
of the material parameters.

The gate-controlled diode experiment [3] followed by the
presentation of a physical model has shown that the surface
leakage currents induce non-ideal I-V characteristics in a
diode [4]. The forward non-ideal I-V characteristic can be
very well described by the following modified form of Eq.

(1),
v
Laip = 't {GXP(nqﬁj - 1} 2)

where 7 is the ideality factor of the diode, whose value is
nearly unity in the absence or negligibly low surface leakage
current. Higher values of the surface leakage current in a
given diode lead to the values of # more than unity [3, 4].
Unlike the g-r theory of Sah, Noyce and Shockley (SNS) [14],
n may exceed even 2 depending upon the magnitude of
surface leakage currents [3, 4]. Here, I, is the thermal
saturation current of the diffused charge carriers in presence
of surface leakage [4] and is higher than the reverse
saturation current I, of an ideal diode.

2.2. Effect of Finite Zero-Bias Current

Diodes fabricated from narrow bandgap materials like
Mercury Cadmium Telluride or superlattice material are
generally mounted for the measurements of their electrical
characteristics on a cooled stage inside a vacuum enclosure
[15]. Most often diode receives some IR radiation from the
surrounding background objects including the walls of
vacuum enclosure due to imperfect cold shielding of the
diode. Even in those cases where measurements are made by
immersing the diode in say, liquid nitrogen container / Dewar,
some IR radiation from the background is still received by
the diode as liquid nitrogen is not fully opaque to the incident
IR radiation from the background. The photo-current Ip,
generated by this undesired IR radiation from the background
objects is essentially the minority carrier current, which
diffuse towards the junction and is observed as the finite
zero-bias current of the diode. Its effect on the I-V
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characteristic of the diode can be taken in to account by
suitably modifiying Eq. (2) in the following form.

\%
Liip = 'y {GXP (r]qﬁj - 1} —Ipp 3)

In general, the net effect of the background radiation on
the current characteristics is to shift its I-V curve along
current axis towards the negative values of the current by an

amount equal to the photo-excited minority carrier current /p,.

This shift results in a cross over of the I-V characteristcs
with the voltage axis at certain positive voltage, known as the
open circuit voltage, V¢ that may be derived from Eq. (3) as
an estimate of the forward voltage corresponding to the zero
current, as follows:

q 1

Voc = ULS In {IL}I + 1} 4
sat

In practice it is however possible that a smaller value of Ip,
or a higher value of thermal saturation current / ;a, give rise to
a small open circuit voltage that may not be observable if the
measurement interval of applied bias voltage is higher than
the resulting open circuit voltage. In this kind of situation
both # and V- may be treated as variable fitting parameters
to fit the forward characteristics of the diode to Eq. (3). The
required value of / st 1O complete the fitting of the forward
current characteristic to Eq. (3) can be obtained from the
following relation for the chosen values of # and Vo,

I' = IPh (5)

It has been shown in previous reports [3, 16-18] that Eq.
(3) provides an excellent fit to the forward characteristics of
the diodes if the proper care is taken to include the series
resistance of the diode by using the following expression,

V.

appl =V+ Idif'I{sr (6)

where V,,, is the externally applied bias voltage, V is the
voltage across junction and R;, is the series resistance of the
diode.

2.3. Shunt Current

[-V characteristics of an un-passivated or imperfectly
passivated diode contain a current component known as
surface leakage current, which is often modelled as an ohmic
shunt current by applying Ohm’s law, i.e.,

\Y
Iy, =— (7)
RSh

where V is the bias voltage across the diode and Rgy, is the
diode’s shunt resistance. The surface leakage currents and the
dislocations in the material which intersect the junction [19,

20] are generally held responsible as the possible sources of
ohmic shunt current. The contribution of ohmic shunt
currents from the two sources is not easily distinguishable. It
is therefore modelled as gross contribution.

The calculation of the shunt current as a function of applied
bias voltage requires knowledge of the shunt resistance of the
diode, which may be estimated by computing the diode’s
dynamic resistance (dV/dI) as a function of bias voltage. The
highest (peak) value of dynamic resistance is the unique point
in the entire dynamic resistance plot, where dR/dV is zero.
Zero value of dR/dV physically signifies a resistance that is
independent of the applied voltage. It is known that an ohmic
shunt resistance too, is independent of the applied voltage. To
a first approximation the diode resistance corresponding to
dR/dV = 0 may be thus considered as a good estimate of the
ohmic shunt resistance of the diode.

Alternatively, in those cases where shunt current is the
dominant current of the diode, it should be possible to estimate
the ohmic shunt resistance by fitting the measured current
variation at low reverse bias voltages near zero-bias to the
ohm’s law as the diode current in excess of diffusion and
photo-currents confirms to the ohm’s law in this bias region.

2.4. Excess Current

It has been reported in the past [3, 16-18, 21] that the sum
of thermal diffusion current, background photo-current and
ohmic shunt current provides good fit to the reverse bias -V
characteristics over a limited range of small reverse bias
voltages beginning from zero-bias as the small surface
leakage currents only confirm to the ohmic current model. At
higher reverse bias voltages, the diode current however
exhibits an excess current, which is dependent on the
magnitude of the shunt resistance / shunt current of the diode
under investigation. Lower the shunt resistance, higher is the
excess current. The excess current at higher reverse bias
voltages has been found to be described by the following
expression due to the nonlinear behaviour of the shunt
resistance [3, 16-18, 21].

Iexoess = IrO +Kl eXp(KZV) (8)
1y, K; and K, are the constants that are obtained by fitting
the diode’s excess current in the reverse bias to Eq. (8).
Fitting always leads to the positive value of I,; and a negative
value of K,. This shows that during the growth of excess
current both majority and minority carriers are produced. The
exponential term representing the growth of minority carrier
current can be mathematically obtained by assuming the
growth of excess current in its own proportion,
dl

€XCess — KzI

d‘ 7 €XCcess (E )
or,

Lexcess dIexcess _ (v
Jioees —sxees = [0 K,dV
th 1 th

excess

(10)
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In Eq. (10), K, is the constant of proportionality. V7, the
lower limit of integration on the R.H.S. of Eq. (10) is the
threshold voltage above which the excess current grows in its
own proportion. The corresponding lower limit of integration
I, on the L.H.S. is the excess thershold current that grows in
its own proportion above the threshold voltage. Eq. (10)
leads to the exponential term of Eq. (8). The value of the
constant K; in Eq. (8) is related to 7, and V7, by the following
relation,

K, =1y exp(-K, Vy,) (11)

Note that K; is also a constant since 1, Vy;, and K, are all
constants for a given diode. Eq. (8) can be thus used directly
to fit the excess current of the diode without having known
the values of V;, and 1,

According to the above discussions the reverse bias current
of the diode at small reverse bias voltages near zero-bias will
be given by,

I} =1 +Ipy +Ig; (ohmic) (12)
At higher reverse bias voltages, where shunt resistance /
shunt current exhibits nonlinear behaviour the diode current
is given by,
I, =1Ig¢e +1py +|:Ir0 +K, CXP(sz)] (13)
In addition to studying -V characteristics of the diode to
characterize the current transport mechanisms, this paper
proposes to include the study of the variations in the
differential resistance of the diode as a function of applied
bias voltage, i.e., R¢—V characteristics, too. The variations in
the differential resistance with respect to the applied bias
voltage are much more sensitive to the small changes in the
diode current responsible for the observed impedance than
the total current by itself. The following paragraph will
summarize the calculation of the resultant dynamic
differential resistance of the diode based on the same current
mechanisms that are wused to characterize the I-V
characteristics.

2.5. Dynamic Impedance of the Diode

Contribution of the thermal diffusion currents of the diode
to its dynamic impedance (Ry) is given by the following
expression,

R = r]I'(T exp(_ﬂj (14)

Qg nKT

The above relation has been obtained from the
differentiation of Eq. (3). Next, the contribution of excess
current to the dynamic impedance of the diode obtained from
differentiation of Eq. (8) is as follows,

_ exp(—KZV)

Rexcess - KK
™2

(15)

Above Eq. (15) essentially represents the nonlinear
contribution of the shunt resistance at higher reverse bias
voltages.

Estimation of the ohmic shunt resistance Ry, of the diode
has been already discussed above in section 2.3. Thus, it
should be now possible to calculate the resultant dynamic
resistance of the diode by following equations,

=t (16)
Rl Rdif RSh
R B -
R2 Rdif Rexcess

Egs. (16) and (17) for the dynamic resistances of the diode
respectively correspond to the currents /; and 7, that are
described by Egs. (12) and (13).

3. Results and Discussions

This section presents a discussion of the results obtained
from the analysis of I — V characteristics of GaSb-rich
superlattice diodes by using the theory outlined in the section
2. Figures 1 and 2 show the reported I-V characteristics of
GaSb rich superlattice diodes grown at 450 °C and 400 °C
respectively [1]. The superlattice period of the active region
of the diodes consist of 11 ML x 20 ML of InAs/GaSb layers.
Diodes did not have any specifically grown passivation layer
except a polymerized film of photoresist to provide
protection against the ambient air. The measurement of [-V
characteristics was carried out at 77 K by immersing the
diode in liquid nitrogen. In Figures 1 and 2 circles show the
plot of themeasured diode current versus the applied bias
voltage across the diode. We have obtained this data from
one of the authors (P. Christol) of the referenced paper [1] on
a personal request. It can be also seen from Figures 1 & 2,
that the I — V characteristics of samples A and B exhibit a
finite current at zero-bias. The observation of the finite zero-
bias current of the diodes indicates that the coolant in which
the diodes were immersed during measurements is not fully
opaque to the background IR radiation from the surrounding
objects.

In the present analysis the finite zero-bias current of the
diodes has been thus assumed as the background generated
photocurrent (/p;) of the diode. The measured forward
characteristics of the diode shown in Figures 1 & 2 were
subjected to the best fit to Eqgs. (3) to (6) by using the
experimentally known value of Ip, and treating the ideality
factor m, Voc and Rg, as variable fitting parameters.
Primarily for a known value of Ip;,, the numerical values of
n and Ve determine the variation of the current in the low
forward bias region. Similarly, Rg, limits the forward
current in the higher bias region. The continuous lines in
Figures 1 & 2 are the best fit of the experimental data to
the theory.
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Figure 1. Measured (open circles) current characteristics of GaSb-rich
super lattice diode grown at a temperature of 450 °C and measured at 77 K.
Continuous lines show the calculated current components as marked on the
respective lines.
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Figure 2. Measured (open circles) current characteristics of GaSb-rich
super lattice diode grown at a temperature of 400 °C and measured at 77 K.
Continuous lines show the calculated current components as marked on the
respective lines.

In the reverse bias region of Figures 1 & 2, the continuous
line marked with the symbol 7, is the thermal diffusion
current contribution, which was calculated from Eq. (2) using
the estimated values of Iy, and # from the fitting of the
forward characteristics. The continuous line marked with the
symbol Ip, is the observed zero-bias current of the diode
generated by the background incident IR radiation due to its
imperfect cold shielding.

The continuous line marked with the symbol Iy, in the
Figures 1 & 2 is the contribution of ohmic shunt current. It
was calculated from Eq. (7) by choosing a shunt resistance
value that provides the best fit to the diode current in the
smaller reverse bias voltage region near zero-bias. The plot
of the current /;, which is the sum of diffusion current, ohmic
shunt current and background generated photocurrent overlap
the contribution of ohmic shunt current indicating the
dominance of ohmic shunt current in the smaller reverse bias

region as already discussed in section 2.4.

It can be clearly observed from a comparison of the
experimentally observed diode current and the calculated
current I; that the diodes A and B are exhibiting an excess
current in the higher reverse bias region. The line marked as
I, in Figures 1 & 2 show the excellent fit of the experimental
data to Eq. (13) with an important observation that the two
terms with in the bracket on the R. H. S. of Eq. (13) exhibit
opposite signs. This means that the exponential growth of
excess current in the medium and higher reverse bias range
takes place by some kind of breakdown process in which
both majority and minority carriers (e — h pairs) are produced.

As already mentioned in the section 2.4 the excess diode
current is closely related to the value of ohmic shunt
resistance. Lower shunt resistance leads to higher excess
current. It can be therefore safely proposed that ohmic shunt
behaviour at small reverse bias voltages changes to nonlinear
behaviour leading to the exponential increase of the current
beyond a threshold voltage in the higher reverse bias range.
Surface leakage currents are most likely the dominant shunt
current in the present case as the diodes under investigation
were un-passivated. However, the shunt current contribution
from dislocations (if present), which intersect the junction,
cannot be ruled out. The nonlinear behaviour of the shunt
current leading to the exponential increase of the diode
current in the medium and high reverse bias voltage range
must be therefore taking place along the shunt current path.
In this regard it may be noted from Figures 1 & 2 that the
shunt current is the dominant current in both the diodes
meaning thereby that a larger part of the diode current is
passing through the localized shunt current path which may
be either the surface leakage current or the junction
intersecting dislocations or partly through both the paths. The
current passing through the junction area is relatively much
smaller. This physically means that the localized regions of
the diode carrying high current density along the shunt
current path become more prone to breakdown [21] in the
higher reverse bias region leading to the exponential growth
of shunt current in its own proportion as suggested by the
mathematical derivation of Eq. (8).

It will be now discussed in the following paragraphs that
the corresponding RV characteristics of diodes A and B
follow very well the present theory of current transport
mechanisms described in section 2.5.

Figures 3 & 4 show the Ry-V characteristics of the diodes
whose [-V characteristics are shown in Figures 1 & 2,
respectively. Circles exhibit the variation of the dynamic
resistance as a function of applied bias. All the parameters
that were obtained by fitting the current characteristics using
the transport current model described in sections 2.1 to 2.4,
were used to calculate the dynamic resistance variation of the
diodes as detailed in section 2.5.

The continuous lines marked with the letters R; and R, are
the plot of Egs. (16) and (17). Line marked with R; is
essentially the plot of theoretically calculated dynamic
resistance variation of the diode if the behaviour of the shunt
current was of ohmic nature. However, it can be observed
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from Figures 3 & 4 that the ohmic behaviour of the shunt
current is limited to a small range of reverse bias voltages
near zero-bias till the peak of dynamic resistance is arrived.
Thereafter for higher reverse bias voltages the dynamic
resistance of the diode begins to degrade due to the
exponential rise of the current along the shunt current path as
seen by the excellent agreement of the experimental data
with the theoretically calculated continuous line marked R,.

100G
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16 4 9
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1M 4
100k

10k o

Dynamic resistance (Ohm)

1 T 1 T T 71 v
-1.0 0.8 -06 0.4 0.2 0.0 0.2 04

Applied Bias Voltage (Volt)

Figure 3. Dynamic resistance of the diode as a function of applied bias
voltage corresponding to I-V characteristics shown in Figure 1. Continuous
lines marked R, and R, exhibit the calculated dynamic resistance
corresponding to the currents I; and I, (shown in Figure 1) after adding the
series resistance of the diode. R, and R, respectively correspond to the
ohmic and nonlinear shunt resistance contributions.

10"y  sampleB
10'0!

Dynamic resistance (Ohm)

T v T d T T d T v T
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Figure 4. Dynamic resistance of the diode as a function of applied bias
voltage corresponding to I-V characteristics shown in Figure 2. Continuous
lines marked RI and R2 exhibit the calculated dynamic resistance
corresponding to the currents 11 and 12 (shown in Figure 2) after adding the
series resistance of the diode. R1 and R2 respectively correspond to the
ohmic and non-linear shunt resistance contributions.

4. Summary and Conclusions

Unlike the previous results reported by Delmas et. al. [1],
it has been shown in this paper that the behaviour of the

electrical characteristics of a GaSb-rich superlattice IR
photodiode can be very well explained by taking in to
account only the thermal diffusion current, surface leakage
(shunt) current and zero-bias current of the diode. The
absence of g-r and tunnelling currents in the present
analysis can be well understood as the surface leakage
current modeled as shunt current is responsible [3, 4] for
non-ideal forward characteristics in our model in place of g-
r current. Similarly the exponential growth of shunt current
is responsible for the excess diode current in the medium
and high reverse bias region instead of tunnelling currents.
In the present work we have also not used any of the
independently measured / known values of the material and
diode parameters. In contrast to the conventional models,
all the desired parameters used in this model were extracted
from the measured I-V characteristic of the given diode
itself.

Further in the present study, surface leakage current has
emerged as the predominant shunt current of the diode,
which exhibits linear dependance on the applied voltage in
low reverse bias region near zero-bias but starts exhibiting
exponential rise when the reverse bias is increased to
medium and high reverse bias voltages. This exponential rise
of the current appears to arise from some kind of breakdown
process along the shunt current path, in which the current
grows in its own proportion and exhibits degradation in the
dynamic resistance of the diode, resulting in a peak in the
dynamic resistance characteristic.

This paper though has discussed the example of GaSb-rich
superlattice diode, the presented model is quite general in
nature and is however equally applicable to all types of IR
photodiodes irrespective of the material used in their
fabrication.
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