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Development of a method for etching the InAs/InAsSbP photodiode
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A method for etching the InAs/InAsSbP photodiode heterostructures using a new precision etchant HBr: KMnOy4
with a low constant etching rate was proposed. The change in the ratio of the etchant components makes
it possible to set the etching rate in the range of 0.1—1.6 um/min without deterioration of the quality of the
side semiconductor surface. The use of the new etchant resulted in reducing the reverse dark currents of the
InAs/InAsSbP photodiodes as well as the spread of dark current value from the device to the device. Samples
with a sensitive area diameter of 300 um demonstrate the minimum current density j = 5.7 - 1072 A/cm* and the
typical current density j = 15.5 - 1072 A/cm?. The maximum value of Ry at room temperature is 1654 Ohm, while

the RoA product reaches 1.17 Ohm - cm?.
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1. Introduction

Photodiodes based on InAs and its solid solutions,
which have spectral sensitivity in the mid-IR range, are
successfully used as optoelectronic components in gas
analysis systems, in particular in modern systems of non-
contact radiation thermometry [1], as well as in CHy, CO
and other gases analyzers [2]. The portability and low
power consumption of such devices allow to use them in
monolithic evanescent wave sensors for various liquids [3].
The emergence of flexible thin-film photodiodes based on
InAs opens up prospects for the development of modern
portable medical monitoring systems and new generation
biomedical thermal imagers [4].

When creating photodiodes based on narrow-gap InAs
material (Eg = 0.36eV at T = 300K), an important prob-
lem is the development of post-growth technology that
ensures minimal variation in parameters from device to
device. One of the key intervals of post-growth technology
is — chemical etching of a semiconductor. It is important
that this process is controlled and, if required, carried out
with precision accuracy, and also does not degrade the
parameters of the instruments.

It is known that for InAs-based materials there is an effect
of revealing lattice planes, which manifests itself to one
degree or another for most known etchants. The {111}A
plane, consisting of In atoms, is the least active, since all
the valence electrons of the atoms forming it are in a bound
state. In turn, the {111}B plane, consisting of As atoms,
each of which has two unpaired electrons, has a higher
reactivity [5]. Thus, at local etching, the relief is determined
by the planes with the lowest etching rate, which greatly
affects the shape of the resulting mesa-structure. This effect
is at etching in H3PO4:H,0,:HO (1:1:1) [6], as well as
HzSO4 ZHQOQIHzo (3 :1: 1) [7]
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For InAs-based semiconductors, the Br,—HBr [8] system
is widely used, which allows the formation of round mesa-
structures with a reflecting side wall. One way to obtain
such a system is to add an oxidizing agent to hydrobromic
acid HBr. Meanwhile, a chemical reaction occurs: the
oxidation of HBr to the formation of free bromine Br;.
As a result, the etchant contains hydrobromic acid, some
oxidizing agent, water and free bromine. The amount
of Br, depends on the concentration and oxidation potential
of the introduced oxidant, which can be an aqueous
solution of potassium bichromate K,Cr,O7 [9], nitric acid
HNO; [10], bichromate ammonium (NHy4)>Cr,07 [11] etc.
The most common oxidizing agent is hydrogen peroxide
H,0,. However, when such a strong oxidizing agent is
added, the etching rate increases significantly [12], and
also depends exponentially on time. The introduction
of an organic solvent — ethyl alcohol into the etchant
HBr: H,O, reduces the etching rate of InAs-based materials
by almost twice, however, its exponential dependence on
time remains, which does not allow precision etching of the
semiconductor [13].

To carry out such technological operations as thinning
epitaxial layers, processing a heterostructure before sputte-
ring of contacts, forming a surface relief with high precision,
etc. an etchant with a low constant etch rate is required.

It is known that the method of treating the semiconductor
surface affects the value of the dark current of photodiodes.
In case of low thermal noise of the load resistance and low
shot noise, the dark current determines the main component
of the noise current and, accordingly, the threshold sensiti-
vity of the photodiode. To compare devices with different
areas and bandwidths, a value such as specific threshold
sensitivity ®* (specific equivalent noise power NEP*) is
used: @* = ®/(AAf) = S'il/?/(AAT)/2, where & —
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threshold sensitivity, § — current monochromatic sensi-
tivity, in — noise current, A — area of the photosensitive
region, Af — frequency band. Thus, to achieve a minimum
noise level, it is necessary for the photodiode to have a
low dark current.

In turn, the dark current consists of both volume and
surface components. As the area of the photosensitive
region decreases, the contribution of the surface component
increases and for small areas A < 3.0-10~* cm? becomes
predominant. The magnitude of the surface component
largely depends on the state of the semiconductor surface.
It is important to note that when creating photodiodes,
not only the magnitude of the dark currents itself matters,
but also its spread across the plate from device to device.
In serial production, this variation will affect reproducibility,
yield percentage and ultimately determine profitability.

In the case of predominance of thermal noise of the
photodiode, the specific threshold sensitivity ®* is inversely
proportional to the square root of the product of the
differential (dynamic) resistance of the photodiode and the
area of the photosensitive region (RoA)Y2. To achieve
the threshold sensitivity of photodetector devices operating
in the mid-IR range, the differential resistance of a pho-
todiode based on InAs and its solid solutions should be
> 500hm [14]. Currently, photodiodes have been created
with an InAs active region and a maximum sensitivity
wavelength 3.3—3.4 um, the Ry of which at room tempe-
rature reaches 1600 Ohm for A = 3.46 - 10~*cm? [15]. To
obtain the maximum possible values of the parameter RyA,
increasing the area A is not always justified, since it leads to
a decrease in the performance of the device. In this regard,
the efforts of developers are primarily aimed at increasing
the values of Ry, which is inversely proportional to the value
of the dark current at zero bias and in practice is defined as
Ro = (dI/dU)" ! at U = £10mV.

We have proposed a precision etchant based on the
HBr: KMnOy : H,O system, which uses an aqueous solution
of potassium permanganate, which is a weaker oxidizing
agent [16]. A detailed study of the developed etchant was
carried out in this work. Its influence on the value of dark
currents of InAs/InAsSbP photodiodes and the spread of
this value from device to device, as well as on the differential
resistance, has been studied.

2. Specimens and methods of study

The work was carried out in two intervals. At the first
interval, a study was carried out of the dependence of
the etching rate n-InAs(100) on the ratio of solution
components and on temperature in the proposed system
HBr:KMnOy: H,O.

The etchant was prepared by mixing various volume
fractions of an aqueous solution of KMnO4 and concen-
trated HBr. The experimental technique consisted of etching
the topological pattern of the semiconductor through a
photoresist mask, followed by measuring the depth of the
etched relief using a DektakXT profilometer. The surface

quality was assessed using optical and scanning-electron
microscopes. To obtain the temperature dependences of
the etch rate of n-InAs(100), each component of the
etchant was heated to the required temperature, after
which the components were mixed, and a sample with a
photoresist mask was lowered into the etchant. To lower
the temperature of the etchant components below room
temperature, ice and a mixture of dioxane and ice were
used (melting point of dioxane 12°C).

At the second interval of the work, photodiodes based
on InAs/InAsSbP heterostructures were manufactured using
a new etchant HBr: KMnO4 and their characteristics were
studied.

Photodiode heterostructures  n-InAs/p-InAsg ssSbo.15Po.3
were grown by MOVPE method on an n-InAs(100)
substrate.  Deposition was carried out in a horizontal
reactor with resistive heating at atmospheric pressure.
When  growing  solid  solutions, organometallic
compounds  (trimethylindium TMIn, trimethylstibine
TMSb) and hydride gases (arsine AsHj, phosphine PHj3)
were used. The ratio between the components of the
V and III groups was set by the arsine flow in the
reactor; the InAs active region was not doped. Diethylzinc
(DEZn) was used as a source of acceptor dopant for
InAsSbP. The thickness of the resulting layers was 3 ym for
n-InAs and 1.9 um for p-InAsg s5Sbg.15Po.3. Concentration
in InAs — n~(3-5)-107cm™3 in InAsSbP —
p~(1-2)-10"8¥cm3.

The photodiodes were fabricated using standard pho-
tolithography techniques. Photosensitive area diameter was
300um. The ohmic contact to the wide-gap InAsSbP
layer was formed by high-vacuum thermal layer-by-layer
deposition of the Cr—Au—Ni—Au system, followed by
thickening by local electrochemical deposition of gold
to 2um. On the side of the substrate, after thinning the
latter, a continuous contact was sputtered using the method
of high-vacuum thermal sputtering of the Cr—Au—Ni—Au
system, followed by sputtering of the Cr—Au system to a
total thickness of ~ 0.6 um. Mesa-structures were etched to
a depth of ~ 7um. For the convenience of further dividing
the plate into chips, liquid etching of the separating grid was
also carried out.

Measurements of the photosensitivity spectra of the
studied photodiode samples were carried out using a
synchronous detection scheme using an SPM2 prism
monochromator (Carl Zeiss), a mechanical modulator and
a Stanford Research SR830 synchronous detector. The volt-
ampere characteristics (VAC) of photodiodes were studied
using an automated VAC meter. The graphs were displayed
in real time on a computer monitor. Differential resis-
tance Ry, was determined by the slope of the linear section
of the current-voltage characteristic without illumination
of the photodiode in the range £10mV. In practice, this
method is also used to determine the typical shunt resistance
Rsh of photodiodes [17].

To study the effect of the proposed etchant HBr: KMnOj4
on the value of reverse dark currents of photodiodes,
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devices were manufactured on the same n-InAs/p-InAsSbP
heterostructure. At the etching stage, the plate was divided
into two parts, one of which was processed in a standard
etchant HBr:H;O,, and the other — in the developed
HBr:KMnO4. A comparative study was carried out on
the VAC of photodiodes manufactured using standard and
developed etchants.

3. Experimental results and discussion

The obtained dependences of the etching rate of
N-InAs(100) substrates on the ratio of components
(in volume fractions) of the etching solution in the
HBr:KMnOy4:H;O system are presented in Figure 1.

As can be seen from Figure 1, with an increase in
the volume fraction of an aqueous solution of potassium
permanganate for each of the given concentrations, the
etching rate increases, and until the maximum value is
reached (the extremum point on the graph), there is a
reflecting and smooth etching surface. With a further
increase in the volume fraction of the aqueous solution
of KMnOQ,, the etching rate decreases and the quality
of the resulting surface deteriorates, and after reaching a
certain critical ratio, an insoluble precipitate of manganese
reduction products occurs. A decrease in the concentration
of the aqueous solution of the oxidizer leads to a decrease
in the etching rate. When using 0.7% aqueous solution
of potassium permanganate, there was a reflecting surface
throughout the entire range studied. It has been shown that,
depending on the concentration of the aqueous solution of
KMnOy4 (from 0.7 to 3%) and its volume fraction in the
solution, it is possible to obtain different etching rates —
from ~ 0.1 to ~ 1.6 um/min.

The etching of the p-InAsSbP quaternary solid solution
based on InAs had a similar character, which subsequently
also made it possible to obtain a reflecting side surface of
the InAs/InAsSbP mesa-structure.

A comparison was made of the dependences of the etch-
ing rate on time V(t) for various etchants. Figure 2 shows
the dependences for the widely used etchant HBr:H,O,,
(curve 4), the etchant HBr:H,O, with the addition of
ethylene glycol (curve 3) and the etchant HBr:KMnOy
developed by us using 1.5% aqueous solution of KMnO4
(curves 1 and 2). It is shown that the developed etchant
allows one to reduce the etching rate by an order of
magnitude, while its significant advantage is the constant
etching rate observed at a number of ratios of solution
components.

Analysis of the chemical reactions occurring during the
preparation of etchants showed that when mixing the
components HBr:H;O,, an interaction reaction occurs,
accompanied by strong heating of the solution and the active
release of free bromine. The chemical reaction proceeds as
follows:

2HBr + H,O, — 2H;0 + Br;. (1)

As can be seen from reaction (1), when the components
of the etchant are combined, part of the HBr is oxidized with
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Figure 1. Dependences of the etching rate V for n-InAs(100) in
the etchant HBr: KMnOy4 on the volume fraction of an aqueous so-
lution of potassium permanganate at its various concentrations, %o:
1—07,2—15,3—3.
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Figure 2. Dependence of etch rate V for nInAs(100)

on time t for various etchants: / — HBr:KMnOy4 (1.5%) 4:1,
2 — HBr:KMnOy4 (1.5%) 1:6, 3 — HBr:H,0, 8:1, 4 —
HBr:H,O,: C;HsOH 24:3:10.

hydrogen peroxide to water and free bromine molecules.
When using an aqueous solution of potassium perman-
ganate as an oxidizing agent, the chemical reaction has the
following form:

16HBr + 2KMnQO4 — 5Br; + 8H,0 + 2KBr + 2MnBr;.
(2)
After mixing the components, their interaction does not
lead to significant heating of the solution, and in reac-
tion (2), in addition to water and free bromine, potassium
bromide and divalent manganese bromide are additionally
formed.
We believe that the linear dependence of the etching
rate on time in the developed etchant with a predominant
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amount of HBr is due to the establishment of chemical
equilibrium and maintaining a constant concentration of the
Br, oxidizer in the solution.

The activation energy of the etching process n-InAs(100)
was determined, the value of which can be used to judge
the mechanism of this chemical process. For this purpose,
temperature dependences of the etching rate were obtained
in the range from 3 to 50°C for two compositions with
maximum and minimum etching rates.

The activation energy of the chemical process E,, related
to one mole of reacting particles, was determined from
the obtained temperature dependences graphically using the
Arrhenius formula [18]:

Ea
hlk—lnk()—ﬁ, (3)
where k — rate constant of a chemical reaction, kg —

frequency factor characterizing the frequency of active
collisions of reacting particles per unit volume, R —
universal gas constant (8.314 - 103 kJ/mol - K), T — tem-
perature (K).

For the etchant HBr:KMnO41:3 using a 3% aqueous
solution of the oxidizer E; was 12.2kJ/mol, and for
composition 4:1 — 7.4 kJ/mol. It is known that for diffusion
limitation, in which the etchant is polishing, the charac-
teristic activation energy is ~ 8—20kJ/mol, and for kinetic
limitation, when the etching rate is different for different
planes, the value E, is more than 35—40kJ/mol [19]. As
can be seen, the studied compositions are characterized by
a diffusion etching mechanism, in which the InAs surface
becomes reflecting.

The etchant used in the manufacture of photodiodes
with a given size and shape of the photosensitive area can
significantly influence the magnitude of the reverse dark
current, namely its surface component, which is caused
to varying degrees by various mechanisms: generation and
recombination through surface states or in the near-surface
depletion region, tunneling through surface states, ohmic
shunting of thep—n-transition to the surface, etc.

By the results of the studies, a 1.5% aqueous solution
of KMnO,4 was chosen to create photodiodes based on
InAs/InAsSbP heterostructures, which allows to obtain a
reflecting semiconductor surface for compositions from 4: 1
to 1:6. Meanwhile, the etching rate was 0.1—0.7 ym/min,
depending on the composition of the etchant.

A study of the spectral characteristics of the manufactured
InAs/InAsSbP photodiodes showed that all samples have a
spectral sensitivity in the range 1.0—3.8 um.

A study of the volt-ampere characteristics (VAC) of the
resulting devices was carried out and the influence of the
proposed etchant on the value of reverse dark currents
was shown. In Figure 3 typical reverse branches of the
current-voltage characteristics of InAs/InAsSbP photodiodes
fabricated using the standard etchant HBr:H;O;, and the
developed etchant HBr: KMnQOy4 are shown.

The table shows the values of the parameters we
obtained when analyzing the current-voltage characteristics
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Figure 3. Reverse branches of the current-voltage characteristics
of InAs/InAsSbP photodiodes fabricated using etchants: 7 —
HBr:H,0;, 2 — HBr:KMnOs.

of InAs/InAsSbP photodiodes for each of the etchants
HBr:H,0;, and HBr: KMnOy.

As can be seen from the table, the minimum value
of the reverse dark current at the reverse bias voltage
Uey = 0.5V for the studied samples of InAs/InAsSbP
photodiodes is |, = 80uA in the case of the etchant
HBr:H,O, and |pin = 40uA for HBr: KMnQOy. Typical
values for Uy = 0.5V — lyyp = 157 uA and Iy, = 107 uA
for the standard and proposed etchants, respectively.

Currently, modern InAs photodiodes with a diameter
of 1 mm exhibit a typical reverse dark current ~ 800 uA
at Uy = 0.5B and T = 25°C [20], which corresponds to
the current density j = 10.2-1072 Alecm?®. The photodi-
odes presented in this work with a diameter of 300 um,
fabricated using HBr:KMnO,, have a minimum dark
current density j =5.7-1072 A/em® and a typical —
j =15.5-10"2 A/em>.

The maximum value of Ry for such samples is 1654 Ohm
with a sensitive area diameter of 300um, then the
factorRyA — 1.17 Ohm - cm? at room temperature. Typical
values of Ry and (RpA) increase by 23% compared to Ry
and (RygA) photodiodes obtained using the standard etchant
HBI‘IHQOQ.

Parameters of InAs/InAsSbP photodiodes

Etcher
Parameter
HBr:H,0, HBr:KMnQO4
I'mins UA(Urev = 0.5B) 80 40
I'max, UA(Urev = 0.5B) 920 570
lyps UA(Urev = 0.5B) 157 107
ROmina Ohm 457 617
RO maxs Ohm 1422 1654
Rotyp, Ohm 993 1287
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Figure 4. Quantitative distribution of (%) InAs/InAsSbP photo-
diodes by the magnitude of reverse dark currents at Ury = 0.5V
for various etchants: HBr:KMnOs; — hatching, HBr:H,O, —
without hatching.

The results of studying the spread of the reverse dark
current from photodiode to photodiode are shown in the
histogram (Figure 4). The distribution of samples according
to the magnitude of reverse dark currents is demonstrated
at a reverse voltage U, = 0.5V.

As can be seen from Figure 4, when using the developed
etchant HBr: KMnOy, 43.5% of photodiodes have a reverse
current value |, < 100 uA, whereas in the case of the stan-
dard etchant HBr:HyO; |y < 100uA — 7.7% of devices.

Meanwhile, |, > 200uA is demonstrated by 17.5% of
devices when using the developed etchant and 53.8% — the
standard one. It should be noted that currents of magnitude
> 600 uA are observed only for photodiodes (15%), created
using the etchant HBr: H»,0,.

Thus, photodiodes made using HBr:KMnO4 have a
smaller scatter of dark current values from device to device

and, therefore, greater reproducibility of the results obtained.

4. Conclusion

A new precision etchant HBr:KMnO4 for photodiode
InAs/InAsSbP heterostructures has been proposed and
studied. The influence of the ratio of its components
and the concentration of an aqueous solution of potassium
permanganate on the etching rate of InAs-based materials
and the quality of the resulting surface was studied. It
has been shown that, depending on the concentration of
the aqueous solution of KMnO4 and its volume fraction
in the solution, it is possible to obtain etching rates
from 0.1 to 1.6um/min. The low and time-constant
etching rate in the proposed etchant makes it possible to
solve technological problems requiring precision controlled
etching of semiconductor materials.

7 Semiconductors, 2023, Vol. 57, No. 8

When comparing the current-voltage characteristics of
InAs/InAsSbP photodiodes, it was shown that the developed
etchant HBr:KMnOQO, allows to reduce dark currents and
reduce the spread of their values from device to device.
Thus, when using the developed etchant, 17.5% of devices
demonstrate |, > 200uA, and 53.8% of the standard
etchant. =~ The created photodiodes have a minimum
current density of j =5.7-1072 A/em?® and a typical —
j =15.5-10"2 A/em?.

It has been shown that the use of HBr: KMnQO, allows to
increase the values of Ry and, correspondingly, RyA by 23%.
The RoA value for the best samples is 1.17 Ohm - cm?.
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