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Abstract. The shunt current has been investigated in p*-n type InAs diffused photodiodes.
The mesastructures were prepared by etching in Br,-HBr solution and sequentially etched
in CP-4 and in a lactic acid based etchants. The surface of mesastructures was passivated in
alcohol solution of Na,S. After each chemical treatment, the current-voltage and
capacitance-voltage characteristics were measured as functions of bias voltage and
temperature. It has been shown that the shunt current contains ohmic and non-ohmic
components. The evidences have been obtained that the non-ohmic shunt current originates
from the space-charge limited current in the surface inversion layer and the trap-assisted

tunneling current in the bulk.
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1. Introduction

The key issue affecting the performance of IR
photodiodes (PDs) based on narrow-gap semiconductors,
including HgCdTe, InAs, InSh, is an excess dark current
at low biases, commonly referred to as the shunt leakage
current. The latter can reduce the threshold parameters of
IR photodiodes. Moreover, since the shunt current varies
unpredictably from one photodiode to another, even
when they are manufactured nominally under the same
conditions, the yield of photodiodes with predictable
parameters suffer from this current. Traditionally, the
term “shunt” is used only for ohmic resistance, and in the
equivalent circuit of a photodiode it is represented by a
parallel resistance [1]. In practice, the shunt resistance Ry,
is measured at zero or small forward (reverse) bias

voltages U ~KkT/e [2]. When PD is operating in
photovoltaic mode, the output current is given by [3]

eU - IR eU —-IR
Izlph_ld_lshzlph_|0|:e)<p[ Bk SJ—l:l— " (1)

where Iy, is the photocurrent, Iy — dark current and I, —
shunt current, B — ideality coefficient. The series
resistance R consists of the resistance of quasi-neutral
regions of the junction and contacts. Because the second
and third terms in this Eq. (1) reduce the linearity of
photodiode, the shunt resistance should be as large as
possible, whereas the series resistance should be small. In
an ideal photodiode, Rgy= o0 and Ry =0, s0 | = I, — lg.

However, it has been shown in early studies of
photovoltaic devices that shunts may have linear (ohmic)
as well as non-linear (diode) current-voltage charac-
teristics [4]. In details, the shunt current was investigated
in HgCdTe photodiodes [5-7]. The relevance of this
problem has been also pointed out for InAs photodiodes
[8], but to authors’ knowledge the nature of the shunt
current as well as the impact of surface conductivity on
electrical properties of mesastructured InAs p-n junctions
has not been investigated yet. Since in InAs photodiodes
of p*-n type the space charge region is located in the
n-side of the junction, it was traditionally assumed that
the surface conductivity of the p*-region was not critical
as compared with photodiodes possessing the symmet-
rically doped junction.

It should be pointed out that, in analysis of
experimental results obtained in this study, the definition
of shunt as a local region in the p-n junction where the
dark current significantly exceeds its value in the
homogeneous part is used [9,10]. Such a definition
covers both ohmic and non-ohmic shunts of different
nature. Thus, the aim of this work was to study the
impact of surface chemical treatment on the nature of the
shunt current in the mesastructured InAs p*-n junctions.

2. Samples and experimental methods

Wafers of n-InAs with the thickness approximately 1 mm
were cut from an ingot grown in “Pure Metals Plant”
(Svitlovodsk, Ukraine). After mechanical grinding and
polishing, the damaged layers were removed using
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chemical polishing with 2% Br, solution in HBr. Their
structural quality was controlled using the X-ray
diffraction method. In the chemically polished substrates,
the rocking curve half-width was 25...27". Electrical
parameters were controlled using the van der Pauw
technique at 295 K. The carrier concentration and
mobility were found to be n = (2...3)x10*® cm® and p, =
(2...2.5)x10* cm?/V-s, respectively. The density of
dislocations was within the range (2...4)x10* cm?
Homojunction PDs were prepared using short-term
(20...30 min) diffusion of Cd into n-InAs substrates at
875 K. To prevent arsenic evaporation from the surface,
the diffusion was carried out from the saturated cadmium
vapor in the presence of arsenic. The substrates with the
diffused p-type layer had mirror-like surfaces free of
structural damages such as inclusions of impurity atoms.
They were characterized by the rocking curve half-width
of 32...35". Mesastructured junctions were prepared on
(111)A side of substrates by chemical etching in 2%
Br,-HBr solution. The mesa was formed by complete
removing the diffused p*-type layer and part of the n-type
conductivity substrate. The junction depth was
determined from the probe thermo-emf measurements
during careful chemical etching of the diffused layer. The
metallurgical junction was formed close to the middle of
the mesa height. The typical height of mesas was
5+ 0.2 pm. After mesas etching, the samples were rinsed
in deionized water for 5 min and then dried with pure
hydrogen. The area of mesas was close to 7.5-102 cm?,
and the thickness of the base region was ~660 um.
Ohmic contacts were prepared by thermal vacuum
evaporation of zinc and indium on p-InAs, and indium on
n-InAs substrates, followed by heat treatment in the
atmosphere of pure hydrogen. After formation of mesas,
the latter were etched in CP-4 solution (mixture of HF,
nitric acid, acetic acid and water) and in the mixture of
lactic acid, HNO; and HF [11]. Finally, these
mesastructures were passivated in alcohol solution of
sodium sulfide [8]. The prepared mesastructured
junctions (hereafter initial, etched and passivated
junctions, respectively) were tested by measuring the
current-voltage  and  high-frequency  (f=1 MHz)
capacitance-voltage characteristics within the
temperature range 77...298 K.

3. Experimental results and discussion

The results of C-U measurements are shown in Fig. 1.
The experimental data are satisfactorily linearized in
C>-U scale for all the mesastructures, which can be
explained by formation of a linearly-graded p-n junction.
Note that the slope of the C*-U dependence for the
initial mesastructure (curve 1) is significantly smaller
than for the passivated one (curve 2). The cut-off voltage
Uc= 1.4V, determined as an intercept on the voltage
axis of the linear C>-U dependence, significantly
exceeds the band gap of InAs. Such a behavior of the
measured capacitance is similar to that one of MOS
structure. The C*-U dependences in the etched and
passivated mesastructures were similar and satisfactorily

c*107 ¢®
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Fig. 1. Capacitance-voltage characteristics in the initial (1) and
passivated (2) mesastructured p*-n junctions at 77 K. The
straight lines are shown as a guide for the eye.

approximated by two straight lines with different slopes.
This fact indicates complex distribution of impurity
atoms in the junction. The cut-off voltages are different
for these linear regions, namely, 0.5 and 0.35 V (see
curve 2). The value Uc = 0.35V agrees well with the
diffusion potential Up determined from the I1-U
characteristics at T = 77 K (see below). From the slope of
the straight lines, the concentration gradient of impurity
atoms was estimated to be a = 1.4-:10® and 1.9-10% cm™*,
where the smaller value corresponds to the straight line
with the larger slope. For the initial mesastructure, a
equals 6.8-10%° cm™. Note that C*~U dependence levels
off in the passivated mesastructure at forward biases,
which indicates the presence of compensated high
resistance area at the metallurgical p-n junction.

The forward [-U characteristics in the initial
mesastructure are shown in Fig. 2a. As seen, at bias
voltages U <80 mV the forward current does not depend
on temperature within the range of temperatures
77...163 K. The replotting of the experimental data in the
double logarithmic scale showed the ohmic behavior of
I-U curves. The shunt resistance Ry, approximately
equals 180 Ohm for the bias voltage 50 mV at 77 K.
With the bias voltage increase, the transition to an
exponential 1-U dependence is observed, which followed
by a linear dependence due to impact of series resistance
Rs The series resistance varies from 0.8 Ohm at 77 K to
1.5 Ohm at 298 K. The forward I-U characteristics can
be approximated using the following equation:

ik

where G, is the ohmic conductivity of the shunt layer,
lo — pre-exponential factor, and § — ideality coefficient.
Note that the value of B varies from 4.8 at 77 K
down to 2.3 at 201 K, and 2.0 at higher temperatures.

eU — IR,
BKT

I:GOU—IOexp[ 2
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Fig. 2. Forward (a) and reverse (b) current-voltage characteristics in the initial mesastructure at different temperatures.
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Fig. 3. Forward (a) and reverse (b) current-voltage characteristics in the mesastructure etched in lactic acid base solution
at different temperatures. The straight line is shown as a guide for the eye and represents the quadratic dependence | ~ U?,

Due to decrease in the diffusion potential with
increasing temperature, the exponential part of 1-U
curves becomes shorter and the influence of Ry on the
non-exponential behavior of 1-U curves at T>239 K is
observed. Taking into account the influence of R, on the
I-U characteristics, parameters B and |, were evaluated.
In Fig. 2b, the reverse I-U characteristics are
presented. As seen, within the temperature range
77...200 K they exhibit linear behavior in the whole
range of measuring voltages and coincide in their mag-
nitudes. At higher temperatures, the diode-like behavior
is observed. Namely, linear, sublinear and superlinear

characteristics occur at bias voltages 1< U <50 mV,
50 <U<200mV and U >200mV, respectively. The
sublinear characteristics obey the power law | ~ U™ with
the exponent m = 0.5. The shunt resistance at 77 K equals
approximately 187 Ohm for the reverse and forward
voltages U = +50 mV. This result indicates a sufficiently
high concentration of charge carriers in the shunting
layer and weak temperature dependence of their mobility.
With the temperature increase (T >200K), the
differential resistance of the p-n junction in the whole
range of reverse voltages is less than the shunt resistance
and determines the output resistance of PD.
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Fig. 4. Forward (a) and reverse (b) current-voltage characteristics in the mesastructure passivated with sodium sulfide in

isopropyl alcohol.

The 1-U characteristics for the etched mesastructure
are shown in Figs 3a, 3b. Their specific features are as
follows. The main result is that the dark current decreases
approximately by two orders of magnitude. The direct

I-U characteristic within the temperature range
77...163 K can be approximated by the expression

eU eU —IR
I =1y,exp (EOJ+ l92€X0 (Bk_l_sj ) 3)

where lgy, lg, are the pre-exponential factors, and Ej is the
characteristic energy. At 77 K, their values are 2.9-10°°,
6.0- 10 °A and 67 meV, respectively. The ideality
coefficient B=1.9...2.0 for the temperature range
77..290 K,  which  indicates the  generation-
recombination mechanism of carrier transport. The
reverse characteristics differ qualitatively from those in
the initial mesastructures. The important fact is that at the
temperatures up to approximately 200 K the current-
voltage characteristics exhibit the superlinear behavior at
the bias voltages U>1.0V. Moreover, the reverse
current quadratically depends on the applied bias within
approximately three orders of magnitude. The charge
transfer mechanism responsible for this behavior of 1-U
curves is the space-charge-limited current (SCLC)
[12, 13]. Note that this current-voltage characteristic has
not been reported in literature so far. At temperatures
>163 K, the sublinear characteristics with the exponent
m=>0.3...0.4 are also observed, which indicates the
generation mechanism of carrier transport.

The smallest values of the dark current were
obtained in the passivated mesastructure, Figs 4a, 4b.
The carrier transport mechanisms in InAs mesastuctured
photodiodes were investigated in details previously [14,
15]. The main their results are as follows. The excess

tunneling current in the forward-biased photodiodes was
satisfactorily explained in terms of inhomogeneous p-n
junction that contains local areas with much higher
concentration of defects. The local inhomogeneities are
proved to originate from dislocations crossing the deple-
tion region. Dislocations affect distribution of dopant
impurities resulting in formation of the so-called Cottrell
atmospheres. Typical values of their diameter in 1l1-V
semiconductors were of the order of 0.5...2 um [16]. It
was assumed that the area of a local inhomogeneity
should correlate with the average cross-section area of
Cottrell atmospheres. Therefore, the total area of inho-
mogeneities is proportional to the density of dislocations.
At the same time, this area is much less (several orders of
magnitude) than the total junction area. Due to this
reason, the parameters determined from C-U mea-
surements refer to homogeneous parts of the junction.
From the fitting calculations, the effective electric field
inside the inhomogeneity regions is approximately two
orders of magnitude higher than in the homogeneous part
of the junction, as it was estimated. Due to the above
reasons, it was concluded that the current flowing
through the local inhomogeneities mainly determines the
trap-assisted tunneling current in InAs photodiodes.

In order to explain the quadratic I-U characteristics
in the etched mesastructures existence of an inversion
surface layer should be assumed. The surface inversion
layer in p-type InAs single crystals was well investigated
[17]. Recently, the impact of inversion layer on the dark
current in type-1l InAs/GaSbh superlattice photodiodes
were also reported [18, 19]. The surface passivation by
using ammonium sulfide solutions results in two orders
of magnitude reduction of reverse dark current density in
these photodiodes.
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In the investigated mesastructured junctions, the
Fermi level pinning above the conduction-band minimum
results in formation of the inversion layer in the p-type
region. As a result, electrons can be injected into this
layer from the metal contact, when the junction is reverse
biased. The concentration of electrons in the inversion
layer critically depends on the surface treatment. In the
initial mesastructure, its value is high, and the metallic-
type surface conductivity is observed. As it has been
shown in [20], the treatment of InAs in the lactic acid
based etchant results in a small density of slow and fast
surface states. In this case, the concentration of mobile
carriers in the inversion layer also reduces, resulting in
the lower ohmic current at low bias voltages. With
increasing voltage, ohmic and injection currents become
comparable and condition for the SCLC conductivity is
fulfilled. The sensitivity of thin inversion layer to the
SCLC conduction mechanism was discussed in the
literature [21]. It was shown that in the case of thin film
the level of injection and the current density can be
substantially higher (by an order of magnitude) than in
the bulk case. The reason for this is the reduced carrier
screening due to the electric field lines spread out of the
film, thus relaxing the space charge limitation of carrier
injection. Because of this reason, the SCLC in InAs
nanowires occurs at a much lower critical voltage as
compared to bulk specimens [22, 23].

4. Conclusions

It has been shown that, in InAs mesastructured p-n
junctions prepared by etching in Br,-HBr solution, the
surface shunt conductivity dominates the dark current.
The treatment of mesastructures in the CP-4 and lactic
acid base etchants significantly reduces the dark currents.

The non-ohmic shunt current in InAs mesa-
structured photodiodes has surface and bulk components
originating from the inversion layer and the dislocation-
related conductivity in the depletion region, respectively.
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