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Low frequency noise and resistance in non-passivated InAsSbP/InAs
based photodiodes in the presence of atmosphere with ethanol vapor
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Low frequency noise and electrical characteristics of the p-InAsSbP/n-InAs single photodiode heterostructures
grown onto N"-InAs substrates have been measured in the presence of atmosphere containing ethanol vapor.
Correlation between ethanol vapor density and electrical noise spectral density, as well as the heterostructure
resistance, has been estimated, and possible reasons for such correlation have been discussed.
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The ability of oxide surface to change electrical resistance
with varying composition of surrounding gas is widely
utilized in developing various-purpose gas detectors. In
fabricating such detectors, various materials are used, such
as oxides of both ntype oxides (SnO,, ZnO, TiO,, a-Fe,0s,
WO3) and ptype oxides (CuO, NiO, Cr,03, Co0304), as
well as In,O3—Gay 03 solid solution films. Detectors based
on oxides and their solid solutions are sensitive to many
various gases (analytes), for instance, to Hy, NH3, CO, NO,
and CHy; however, to ensure low gas-detection thresholds,
high temperatures (up to 500°C) and high operating
voltages (up to 2V) are required [1-3]. This causes
significantly increasing complexity of the detector structure
due to both creation of an additional heating element [4] and
necessity of providing conditions for efficient heat removal,
which is hardly consistent with the problem of obtaining
miniature devices.

Operating temperatures of surface-active sensors may be
decreased with the aid of a natural oxide emerging on
surfaces of most of studied semiconductors; thicknesses of
such oxides vary from a few nanometers to a few microm-
eters. In InAs, the presence of an oxide film is followed
by the Fermi level pinning and energy band bending on
the surface with formation of a narrow conduction channel
for electrons, which bypasses the semiconductor bulk
conductivity [5]. When dry synthesized air is replaced with
a mixture containing foreign impurities, room-temperature
resistance of the oxide film on the InAs nanowire surface
increases, which may be a base for sensors for water
vapor/air humidity, ethanol, and other gases [6]. Notice that,
according to the data given in [5], the oxide layer formed on
the InAs surface etched with any etchant becomes 3—6 nm
thick in as little as several minutes of exposure to air.
Such a layer is non-stoichiometric, consists of a mixture of
indium and arsenic oxides, contains also elemental arsenic
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and other impurities, and is a source of field instability
of MDS-structure electrophysical parameters (MDS means
metal—dielectric—semiconductor).

In InAs photodiodes (PDs) or semiconductors with
almost similar compositions, the presence of such an
welectron” channel leads to a decrease in the PD resistance
and reduction of their detectability (D*). Therefore, devel-
opment of methods for passivating surfaces and protective
coatings for InAs-based PDs and semiconductors /semicon-
ductor heterostructures with almost similar compositions
still remains important [5,7]. An alternative (but not
excluding the above ones) method for preventing surface
currents (leakage currents) in photosensitive structures with
InAs active regions consists in creating heterostructures
containing additional ,,barrier** layers with band gaps wider
than that of InAs, for instance, AlAsSb [8] or InAsSbP
layers [9-13].

On the other hand, variation in conductivity of the InAs
PD electron channel in the atmosphere containing impurities
may be used also for detecting those impurities themselves
by measuring the resistance variation caused by the influ-
ence of the impurity contacting the surface. It is commonly
believed that the PD surface conductivity is one of the main
sources of its noise [7]. Thus, investigation of PD noise
characteristics may be an additional source of information
on a considered sample of air medium contacting the PD.
A similar analysis of noises was performed for sensors
based on various materials [3]; however, we have not
found publications devoted to studying the influence of gas
components on noise and resistance in InAs-based diodes.

In this work, we studied epitaxial structures isoperiodic
with InAs, which were similar to those we have described
earlier [10]; these epitaxial structures consisted of a highly
doped n*-InAs substrate (n* ~ 108 cm~3), deliberately
undoped active n-InAs layer 4—6 um thick, and wide-band-
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Figure 1. Schematic cross-section of the sample based on p-InAsSbP/n-InAs (a) and its simplified equivalent circuit (b). Axis Z — the
direction of the epitaxial layer growth, Rpuki — the contact resistance from the side of the anode and bulk resistance of the p-InAsSbP
layer, Rouk2 — the contact resistance from the side of the cathode and bulk resistance of layers with the n-type conductivity, Rsurf, I'surt —
the surface resistance and current over the structure surface, |pyk — the bulk current.

gap layer of solid solution p-InAsSbPy ;3 2—3 um thick
doped with Zn during growing (Fig. 1,a). The band
discontinuities at the heterointerface were AE. = 119 meV
and AE, = —30meV(300K). In the case of lighting from
the side of p-InAsSbP (3 um at 77K and 3.4 um at 300 K),
sensitivity in the spectral curve maximum was ~ 1 A/W.

The PD chips had a square mesa 330 x 330um in
area fabricated using conventional photolithography and
»wet“ chemical etching. A disk metallic contact to the
p-InAsSbP layer (anode) D, = 80um in diameter was
made by vacuum-thermal evaporation of metals and placed
in the middle of the mesa. The contact to the substrate
(cathode) was flush and occupied the entire area of the chip
rear side. The samples were mounted with the substrate to
TO-18 header as shown in Fig. 1, a; no measures were taken
to prevent the chip lateral surfaces against contacting the air
environment.

Fig. 1,b presents a schematic equivalent circuit of the
sample where the total current has two components: the
bulk one flowing through in-series connected resistances
Rouki, Roukz and p—n-junction (current lpyk), and the
surface one flowing through resistance Rgyr 1 (current I gy ¢).
As shown below, surface current g, ¢ changes its value
under the impact of environment.

Low-frequency noise was studied in the frequency range
of 1—-10* Hz. The noise spectral density was measured in a
circuit consisting of a photodiode, low-noise load resistance
RL, and power supply, all being connected in series. Current
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fluctuations 4l induced by the forward-biased PD were
transformed at the load resistance to voltage fluctuations
6U = 6IR. and fed first to preamplifier 5113 EG&G and
then to spectrum analyzer Photont. After subtracting the
background noise, the current noise spectral density § was
defined as S = Sy[(RL + Ro)/(RLRy)]?, where S, is the
spectral density of the voltage noise measured at the load
resistance, Ry is the zero-bias photodiode resistance. The
forward bias fed to PD was sufficiently low, due to which
the diode differential resistance always remained equal to
Ro (see the inset of Fig. 2).

The PD electrical characteristics were measured at room
temperature (RT). PD was mounted above an open cuvette
(,,bath“) 30 x 40 mm in size filled with dehydrated ethanol.
Distance h between the liquid surface and PD/ p-InAsSbP
surface was varied from 20 to 1 mm. The PD characteristics
were also measured out of ethanol vapors and after
submerging into liquid ethanol.

Fig. 2 presents the zero-bias resistance Ry versus mea-
surement time t for PD both submerged in ethanol
(60 <t < 100 min) and withdrawn from it, i.e. in air
(t > 100 min).

As Fig. 2 shows, the presence of ethanol on the sample
surface caused a significant decrease in the PD resistance
due to an enhancement of the surface leakage currents in
the presence of the analyte; these currents are designated
in Fig. 1 as Igy . Evidently, there are no apparent reasons
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Figure 2. Zero-bias resistance Ry versus time t for the PD submerged in ethanol and after terminating the PD—ethanol contact. The inset
presents the dependence of the initial differential resistance of the diode on forward current [10]. This dependence is highly-accurately
reproducible due to sufficiently long exposure to air after withdrawing the structure from ethanol.

for variations in the resistance bulk components Rpyk; and
Rouka.-

After withdrawing the sample from ethanol, the stage
of relatively fast variation in Ry (100 <t < 110 min) took
place, which was, evidently, associated with ethanol evap-
oration from the surface. This was followed by the stage
of a relatively slow (110 <t < 200min) increase in the
resistance, after which the resistance continued decreasing
very slowly and returned to initial value Ry. Evidently,
these slow processes were caused by restructuring of the
spectrum of surface states occurring due to the PD contact
with ethanol.

The PD characteristics changed also under the action of
ethanol vapor upon the PD surface. Fig. 3 demonstrates
the dependences of noise characteristics and resistance
Ry on distance h between PD and liquid surface. The
measurements were performed for each h in ~ 15min,
when Ry stopped depending on time.

As shown by measurements similar to those described
in [14,15] which were performed using diodes with
immersion lenses mounted at distance L =45mm from
each other and not equipped with narrow-band filters,
optical transmission T of the path arranged in parallel
with the ethanol surface varied in the wavelength range
A =3.4um depending on the distance to the liquid sur-
face as T x exp(—x/h) (x = 0.25mm), which indicates a

significant variation in the number of ethanol molecules in
air with varying h. According to the data from a domestic
alcohol detector, the ethanol concentration at h = 20 mm
was 0.04vol%. Data on the same optron calibrated
using dry nitrogen—ethanol mixtures obtained at the D.I.
Mendeleev Institute for Metrology showed that variation in
its photocurrent |y, at distance h = 20 mm from the cuvette
is equivalent to the |y variation caused by the presence in
the optical path of ethane 0.05 vol.% in concentration.

At distances h > 16 mm, the sample noise and resis-
tance remained almost unvaried. With decreasing distance
(increasing ethanol vapor concentration), resistance Ry
decreased, and, at the minimal gap between PD and liquid
(1 mm), was almost the same as that for PD submerged in
ethanol. It is possible to assume that molecules absorbed
on the surface initiate modification of the near-surface band
structure, which causes variation in the near-surface layer
conductivity [16]. Due to a large thickness of the p-InAsSbP
layer, the effect of possible penetration of molecules towards
the bulk p—n-junction (parallel to axis Z in Fig. 1, a) may be
ignored. Thus, the resistance was varying due to emergence
and growth of the surface leakage current with decreasing h.

This assumption was confirmed by the dependence of
the diode forward current at fixed voltage Ufp = 4mV on
the height above the ethanol surface (triangles in Fig. 3).
Since the PD bulk resistance does not change with varying
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Figure 3. Dependences of spectral density of low-frequency current noise § with the reference analysis frequency f = 10Hz at a
constant forward current through the sample | 1n = 4uA (circles) and constant voltage across the sample Uspb = 4mV (triangles), as well
as of zero-bias resistance Ry (asterisks), on distance h between PD and ethanol surface. The inset presents frequency dependences of S

at forward current |, = 4uA for h=1 (1), 10 (2) and 20mm (3).

concentration of ethanol vapor, spectral density of the bulk
current noise should also remain constant. The fact that
the experimentally observed dependence S at constant Usp,
is practically independent of h shows that the noise of the
surface leakage current remains low over the entire range of
the ethanol vapor concentration, and the observed noise is
of the bulk nature.

In the constant-current mode, spectral density of the
forward current noise decreased as the sample was ap-
proaching the ethanol surface (circles in Fig. 3). This
is evidently connected with the fact that, as the ethanol
vapor concentration increases, a larger and larger part
of current flows over the sample surface, while its bulk
part responsible for current fluctuations decreases. This
PD property may be utilized to determine the analyte
composition by measuring the noise, since the noise may
appear to be more sensitive to the analyte than resistance
because of the noise spectral density § proportionality
to squared Ry: S ~ R3. Indeed, as Fig. 3 shows, the
3.5-times variation in resistance Ry is associated with the
constant-current-mode variation in the current noise spectral
density by an order of magnitude. Notice that frequency
dependences of the noise spectral density are in any case
defined as §; ~ 1/f (inset of Fig. 3).

Despite no models explaining the obtained experimental
data are at present available, sequential measurement of
noise and resistance allow, apparently, extension of the
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sensor functional capabilities by creating a 2D or even 3D
model of the ,jimage“ of analyte (in our case, ethanol or
its vapor), which is based on a complex of parameters Ry,
Si(1) and S (U).

To our opinion, the use of an InAs-based PD with
unprotected surface as a sensor for ethanol and its vapors
has a number of advantages over sensors based on InAs
nanowires. This assertion is argued for, first of all, by high
reliability of the sample not exposed to the risk of damaging
by current bursts, heating, or contacting the liquid flow.
Such samples have a failure interval of many years, which
is confirmed by their practical employment in a number of
analytical devices [14,15]. The distinction of diodes based
on InAsSbP/InAs from the nanowire-based sensor is also
the sensitivity ,inverse“ with respect tothat of nanowires,
namely, a decrease in resistance in the presence of ethanol
vapor (see Fig. 1-3) instead of an increase. Therefore,
it is impossible to assert with full confidence that specific
reasons for resistance variation are the same in both cases;
however, one can assert that the proposed sensor based
on pP-InAsSbP/n-InAs, as well as the sensor considered
in [6], will not be selective to ethanol alone. Therefore,
it is impossible to assert with full confidence that specific
reasons for resistance variation are the same in both cases;
however, we can assert that the proposed sensor based on
p-InAsSbP/n-InAs, as well as the sensor considered in [6],
will not be selective to ethanol alone.
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In addition, it should not be forgotten that PD preserves
its ability to perform its initial (,,conventional®) functions
also in the atmosphere of ethanol vapors; these functions
are detection or generation of infrared radiation at the
wavelength of 34um. This may be used to create
the sensor component/information channel which employs
conventional optical techniques for measuring hydrocarbon
concentration [14,13].
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