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Abstract
The innovative two-step passivation by octadecanethiol (ODT) self-assembled monolayers (SAMs) and the following silicon 
dioxide  (SiO2) deposition was used for the type-II InAs/GaSb superlattice photodetector. To understand the mechanism of 
passivation, the (100) GaSb surface covered with the ODT and, for comparison, with the biphenyl thiol (BPT), was character-
ized by the atomic force microscopy, Raman spectroscopy and contact angle analysis. The results of the study indicated the 
presence of the homogeneous both the ODT and the BPT monolayers; however, the ODT SAMs were more stable. Therefore, 
the ODT-based wet treatment was used in the two-step passivation resulting in a reduction of the dark current by one order 
of magnitude for passivated detector compared with an unpassivated device.

1 Introduction

The infrared (IR) detection has become an inevitable need 
for a wide range of applications in industry, medicine, space 
exploration as well as other important areas of technology 
and science. HgCdTe system, commonly used in IR pho-
todetectors, has some limitations, especially for mid- and 
long-infrared wavelengths due to the low-binding energy of 
HgTe which can result in the evaporation of Hg or HgTe 
and, consequently, in degradation of the detector characteris-
tics. Type-II InAs/GaSb superlattice (T2SL) is an alternative 
material for the next generation of IR detection systems for 
the wide flexibility in a cutoff wavelength design and the 
potential in quality and performance of devices [1, 2]. How-
ever, the GaSb-based surface is extremely reactive which can 
introduce additional surface states, causing the high surface 

recombination velocity and consequently, large leakage 
currents. To clarify, the dangling bonds on the GaSb-based 
surface can lead to an abrupt change of the device structure 
which results in the surface states within the forbidden band 
gap. During the exposure to the atmosphere, the dangling 
bonds initiate a chemical reaction with oxygen, causing the 
formation of the native oxides and a free Sb. To prevent 
this, it is necessary to use a special passivating layer which 
can protect the surface/interface prior to the oxidation (an 
encapsulate passivation) and remove the interfacial states 
from the band gap (electronic passivation). Therefore, the 
choice of a suitable passivant material and an applicable 
passivation technique is one of the important problems in 
the antimonide-based photodetector technology. A thick 
layer of dielectric  (SiO2,  SiNx) or organic material (poly-
imide, SU-8) can be used successfully for the encapsulation 
of detector sidewalls [3–5]. The application of chalcoge-
nides or the overgrowth of a wide bandgap semiconductor 
layer represents the two main directions of approach to elec-
tronic passivation [6, 7]. According to our earlier studies, 
the  (NH4)2S-based passivation is not suitable for the T2SL 
InAs/GaSb photodetector due to the mesa etching and leave 
sulfur residues [8]. It is very important to emphasize that 
no universal passivation method of the T2SL InAs/GaSb 
detector has been developed.

In the previous paper, the self-assembled monolayers 
(SAMs) of long-chain octadecanethiol (ODT) have been 
proposed as a new electronic passivant for T2SL InAs/GaSb 

 * E. Papis-Polakowska 
 papis@ite.waw.pl

1 Łukasiewicz Research Network - Institute of Electron 
Technology, al. Lotników 32/46, 02-668 Warsaw, Poland

2 Center of Development and Implementation, 
Telesystem-Mesko Sp. z o.o, ul. Warszawska 51, 
05-082 Lubiczów, Poland

3 Faculty of Technical Physics, Poznan University 
of Technology, ul. Piotrowo 3, 60-965 Poznan, Poland

4 Institute of Molecular Physics, Polish Academy of Sciences, 
ul. M. Smoluchowskiego 17, 60-179 Poznan, Poland

http://orcid.org/0000-0001-6174-4896
http://crossmark.crossref.org/dialog/?doi=10.1007/s00340-019-7336-3&domain=pdf


 E. Papis-Polakowska et al.

1 3

223 Page 2 of 11

detector [9]. SAMs have been found as the crucial elec-
tronically active inter-monolayers in GaAs and InP devices 
[10–12], whereas their application in GaSb-based systems 
is still open. It is known that is difficult to obtain the SAMs 
total coverage on the semiconductor surface [13, 14]. In par-
ticular, the uniformity of the SAMs layers is important in 
their application for T2SL InAs/GaSb detector passivation. 
Therefore, it is necessary to clarify the mechanism of inter-
action between SAMs and GaSb and InAs surface/interface. 
It is one of the main motivations for the research discussed 
in this paper.

On the other hand, the function of SAMs in devices 
depends both on the chemical structure of the molecules, 
and their final arrangement and orientation on the surface. 
For many applications, alkanethiols like octadecanethiol 
(ODT) are more appropriate. However, aromatic thiols like 
biphenyl thiol (BPT) offer a better-organized film structure 
compared to alkanethiol due to their greater rigidity and 
larger intermolecular interactions [15, 16].

In this paper, we presented a new two-step passivation 
method (ODT SAMs and  SiO2 deposition) for T2SL InAs/
GaSb infrared detector. To understand the mechanism of 
passivation, the (100) GaSb surfaces covered with two dif-
ferent ODT and BPT SAMs were characterized in terms both 
of topography and chemical composition. The chemistry of 
(100) GaSb surafce was analyzed by Raman spectroscopy, 
while the surface morphology was examined by atomic 
force microscopy (AFM). The contact angle measurements 
have been used for characterization of the surface proper-
ties of SAMs in macroscopic scale. The electrical proper-
ties of detector were monitored using a current–voltage 
measurement.

2  Experimental

InAs/GaSb superlattice material was grown by molecular 
beam epitaxy (MBE) on nominally undoped (100) GaSb 
substrate. The detector structure consists of a 1400 nm Be-
doped GaSb contact layer (p = 1 × 1018 cm−3), a 130 nm 
p-doped GaSb layer (Be = 1 × 1017 cm−3), 40 periods of a 
p-type doped InAs/GaSb:Be (p = 1 × 1017 cm−3) superlat-
tice, 400 periods of an undoped InAs/GaSb SL, 60 periods 
of n-type doped InAs:Te (n = 5×1017 cm−3)/GaSb SL and a 
20 nm thick n-doped InAs cap layer (n = 5×1017 cm−3). The 
layer thicknesses in each of the superlattices are as follows: 
0.5 ML (0.14 nm) GaAs/9.2 ML InAs/1.5 ML (0.5 nm) 
InSb/10.5 ML GaSb. The high-resolution X-ray diffraction 
using the PANalytical X’Pert PRO Diffractometer was used 
to provide the information both on the quality and the thick-
ness of layers in the GaSb/InAs periodical layered structures.

The mesa-type detector with an active area from 
0.03 mm2 to 0.14 mm2 was performed employing standard 

optical lithography and dry  BCl3/Ar plasma etching. Then, 
an ohmic contact was defined by the evaporation of Ti 
(500 Å)/Pt (500 Å)/Au (3000 Å) on the top and the bottom 
contact layers of the detector structure. The scheme of T2SL 
InAs/GaSb detector after processing and the SEM image 
of the side wall of mesa structure are shown in Fig. 1 and 
2, respectively. The current–voltage (I–V) characteristics 
in both forward and reverse-bias mode were measured at 
different temperatures in the range (75–300 K). The val-
ues of the leakage current density were used to determine 
passivation effectiveness. In addition, the spectral current 
responsivity measurements were performed for the sample 
photodetectors.

The samples used in the experiments were the (100) ori-
ented GaSb substrates doped with Te to the concentration 
of n = 5×1017 cm−3. Prior to the chemical treatment in ODT 
and BPT solutions, the samples were cleaned in hot organic 
solvents (acetone and isopropanol), terminated by cold iso-
propanol rinse. The native oxides were reduced by etching 
of the GaSb surface for 1 min in 5% HCl followed by rinsing 
in degassed ethanol. The small amount of dissolved oxy-
gen in ethanol was removed by bubbling with nitrogen for 

Fig. 1  The scheme of T2SL InAs/GaSb detector

Fig. 2  The SEM image of the side wall of mesa structure in T2SL 
InAs/GaSb detector
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30 min. Immediately after drying by nitrogen flow, the sam-
ples were immersed in a 10 mM ODT-C2H5OH or 10 mM 
BPT-C2H5OH solution at RT for 72 h, followed by rinsing 
in degassed ethanol and drying in nitrogen. The ODT was 
obtained from the Aldrich company in 98.9% purity while 
the BPT was received from Max Planck Institute for Polymer 
Research in Mainz [15, 16].

In the T2SL InAs/GaSb photodetector passivation experi-
ments we used the 10 mM ODT-C2H5OH and for compari-
son the 21%  (NH4)2S solution. The  SiO2 dielectric layer with 
the thickness of 100 nm was deposited in the PVD 75 Kurt 
J. Lesker evaporation system.

The surface morphology was examined by atomic force 
microscopy (AFM) by means of the Bruker Innova AFM 
Microscope in the intermittent contact mode using Bruker 
probes, with the resonant frequency of f0 ≈ 300 kHz and the 
spring constant k ≈ 40 N m−1. The temperature (T = 20 °C) 
and humidity (50%) were maintained constant during the 
measurements performed in the air. The Nanotec WSxM 
software was used for the analysis of images [17]. All exper-
iments were performed in the intermittent contact mode, 
where, except the height image, change of the cantilever 
oscillation phase (phase lag) is registered as well. This 
mode allows not only to significantly reduce the interaction 
between a probe and a sample but also brings additional 
information about the homogeneity of the scanned surface. 
The phase lag of an oscillating AFM cantilever depends 
on the mechanical properties of the scanned area such as 
hardness, elasticity or adhesion. Therefore, the phase image 
gives the opportunity to distinguish between the areas with 
different material properties. The optical microscope with 
submicron resolution is integrated with the AFM system.

The chemistry of a (100) GaSb surface was analyzed by 
Raman spectroscopy using Renishaw InVia Raman micro-
scope equipped with a thermoelectrically (TE)-cooled 
CCD detector and an  Ar+ ion laser working at 514.5 nm 
wavelengths. The laser power at the focus spot (about 1 μm 
in diameter for ×50 objective, NA = 0.75) was kept below 
0.5 mW. The position of the Raman peaks was calibrated 
before collecting the data using the Si sample as an exter-
nal standard. The spectral resolution of the system was bet-
ter than 2 cm−1. The Raman spectra were measured in the 
500–3200 cm−1 spectral range with the collection time rang-
ing from 30 to 1200 s. The dynamics of ODT and BPT was 
simulated using the commercial program Gaussian 03 [18].

The calculations were carried out on an isolated molecule 
to determine the response of the molecular dynamics. The 
equilibrium geometry and vibration transitions of the inves-
tigated molecules were performed at B3LYP theory level 
using a basis set of 6-311++G(d,p). The B3LYP method is 
a hybrid density functional theory approach which combines 
the Becke’s three-parameter nonlocal exchange potential 
with the Lee–Yang–Parr nonlocal correlation functional [19, 

20]. The calculated frequencies were multiplied by the uni-
form factor of 0.98 to eliminate the systematic errors related 
to anharmonicity [21].

The scale factor used in the experiments is very close to 
that recommended for the B3LYP/6-311++G(d,p) calcula-
tions [22]. Since only the Raman scattering activities are 
obtained from Gaussian calculations, the theoretical Raman 
intensities were calculated using the procedure described in 
[23]. In the calculations, the temperature at which the data 
were collected (T = 300 K) and the excitation wavelength 
of the laser (λ = 514.5 nm) have been taken into account. 
The mode description was performed by the visual inspec-
tion of the individual modes using the GaussView program. 
The AFM and Raman spectroscopy measurements were 
preceded by the observations on the optical Olympus BX 
51 microscope.

The contact angle of the (100) GaSb surface modified 
with ODT and BPT was measured by the manual deposition 
of the droplets (2 mm in diameter) of deionized water onto 
the GaSb surface using the Attension Theta Optical Tensi-
ometer (KSV-NIMA Instruments). A water was purified by 
the Millipore Milli-Q purification system to the resistivity 
of ρ = 18.2 MΩ cm. The water droplet with a volume of 
10 µl was gently deposited from a blunt-ended needle of a 
syringe after the syringe needle approached automatically 
the GaSb surface to the final distance of d = 2 mm. Each 
measurement was repeated two times at the temperature of 
T = 20 °C. The droplet images recorded by a CCD (charge-
coupled device) camera have been analyzed with a droplet 
profile fitting method to determine the contact angle. All 
contact angles reported here are the average of 5 readings 
made on two independently prepared SAMs. The accuracy 
of measurements is ± 1°.

3  Results and discussion

3.1  Atomic force microscopy (AFM)

The AFM topography images on the (100) GaSb surface 
after the treatment in the 10 mM ODT-C2H5OH and the 
10 mM BPT-C2H5OH are presented in Fig. 3a and b, respec-
tively. The both surfaces are homogenous with a typical 
granular structure.

The grain size is not uniform with the lateral dimensions 
not exceeding 50 nm. It corresponds to maximally about 
1.3 × 106 and 4.0 × 106 molecules constituting a grain of 
ODT and BPT, respectively. These values were estimated on 
the basis of the grain size and cross section of the ODT and 
BPT molecules, assuming that the cross-section is approxi-
mately a circle.

The AFM topography and phase images with the height 
profile on the (100) GaSb surface after the treatment in the 
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10 mM ODT-C2H5OH shown in Fig. 4 reveal the presence 
of 3-dimensional molecular forms visible as white regions 
with a diverse shape and an irregular borderline (Fig. 4a). 
We assume that the appearance of these molecular forms is 
the consequence of the investigated molecules aggregation. 

We note that the number of aggregates and their height are 
smaller for the BPT-covered GaSb surface (1 aggregate on 
the 20 µm2 surface with a height of 3–20 nm) than for the 
ODT-covered GaSb surface (4 aggregates on the 20 µm2 

Fig. 3  AFM image of (100) 
GaSb surface after treatment 
in a 10 mM ODT-C2H5OH; b 
10 mM BPT-C2H5OH (Scan 
size: 1 µm ×1 µm)

Fig. 4  (100) GaSb surface after 
treatment in 10 mM ODT-
C2H5OH: a AFM image of 
surface topography; b the phase 
image; c the height profile (scan 
size: 5 µm ×3 µm)
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surface with a height of 20–100 nm). It is consistent with 
the result of the optical microscope observations.

Figure 4a, b presents the topography and phase image of 
the same ODT-covered GaSb surface. This result allows to 
characterize the properties of the aggregates and their sur-
roundings. While both areas are formed of the same ODT 
molecules, this informs that the difference between them 
derives only from the different molecular organization in a 
film and aggregate region. If both areas are formed of the 
same molecules, these images show the different molecu-
lar organization of aggregate regions and their surround-
ings. The topography and phase image of the BPT-covered 
GaSb surface are presented in Fig. 5. Table 1 contains the 
RMS (root means square) parameters for the ODT- and the 
BPT-covered GaSb surface. The RMS parameter was deter-
mined for the full range in the vertical scale  (RMSALL) and 
for the range limited to the height excluding the aggregates 
 (RMSMONO), as shown in Fig. 4c. The bigger  RMSALL for the 
ODT-covered GaSb surface is a consequence of the larger 
number of aggregates than for the BPT-covered surface. The 
 RMSMONO results from the roughness of the aggregates sur-
roundings. The value of the  RMSMONO should be considered 
as the measure of the roughness of the film surrounding 
aggregates. For both the ODT- and the BPT-covered GaSb 
surface, this parameter is comparable to the thiol molecule 
dimensions. It suggests that thiol molecules adsorb onto the 

surface in the Stranski–Krastanov growth model, a layer 
with islands growth [24].

The AFM results indicate that the ODT and the BPT lay-
ers can be homogenous in micrometric scale. They cover 
the GaSb surface almost perfectly without any cracks and 
holes. From the application point of view, another significant 
aspect is the wettability of the film. The factors determining 
wettability can have chemical or physical nature [25, 26]. 
The first one is determined by the terminal functional groups 
being in contact with the liquid. On the other hand, the phys-
ical effect originates from the altered contact area between 
solid and liquid in micro- and nanoscale due to the surface 
roughness. In extreme cases, the specific surface structure 
can significantly affect adhesion and lead to superhydropho-
bicity as in lotus or petal effect. Quantitatively, for the sam-
ples with a small RMS value, the impact of roughness on the 
observed contact angle is described by the Wenzel equation

Fig. 5  (100) GaSb surface after 
treatment in 10 mM BPT-
C2H5OH: a AFM image of 
surface topography; b the phase 
image; c the height profile (scan 
size: 5 µm ×3 µm)

Table 1  Roughness and Wenzel factor values for the ODT and the 
BPT films on (100) GaSb

GaSb surface 
coverage

RMSMONO (nm) RMSALL (nm) RW (a.u.)

ODT 0.79 5.97 1.005
BPT 0.77 0.89 1.003
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where θAPP is observed contact angle, RW is the Wenzel fac-
tor, and θ is the Young’s contact angle.

The Wenzel factor was evaluated on the basis of AFM 
images according to the equation:

where AAPP is an apparent surface area and A is the geomet-
ric area.

The Wenzel factor RW for both the ODT and the BPT 
was almost 1 (Table 1). We can conclude that the surface 
morphology does not affect the contact angle. The main 
reason of the difference in wettability probably results from 
the different structure of the ODT and the BPT molecules, 
in particular, the different terminal groups being in contact 
with water.

3.2  Raman spectroscopy

The results of the Raman spectroscopy measurements and 
theoretical calculations are presented in Figs. 6, 7 and 
Table 2. Figures 6a and 7a show the experimental spectra 
of the (100) GaSb surface passivated in the 10 mM ODT-
C2H5OH and the 10 mM BPT-C2H5OH solutions, respec-
tively, recorded at room temperature with the 514.5 nm 
excitation wavelength. It is worth noticing that in the pre-
sented spectral range only the Raman modes attributed to 
organic layers are observed. The DFT calculations were 
carried out to give the interpretation of the experimental 
results. Figures 6b and 7b show the results of the DFT 
calculations of the normal modes of the ODT and the BPT 
molecules. Table 2 contains the wavenumbers and cor-
responding to them assignments, resulting from both the 

(1)cos�APP = RWcos�,

(2)RW = AAPP∕A,

experimental measurements of the thiols-passivated GaSb 
surface and the DFT calculations performed for the thiols 
molecules, and also the literature data necessary to inter-
pret the results.

As shown in Fig.  6a, in the spectral range below 
1600 cm−1 one can find low-intensity modes at 744 cm−1 
which can be assigned to the stretching vibrations of the 
C–S bonds [27–29], at 1060 cm−1 and 1128 cm−1 related 
to the stretching vibrations of the C–C bonds [27], and at 
1295 cm−1 and 1440 cm−1 assigned to the twisting and scis-
soring vibrations of the  CH2 groups [27, 30]. In the spectral 
range from 2700 to 2950 cm−1 (Fig. 6a), the low-intensity 
mode at 2720 cm−1 and the group of bands between 2825 
and 2950  cm−1 are visible. The mode at 2720  cm−1 is 
attributed to the stretching vibration of the S–H bonds [27, 
29–31], seven modes at 2849, 2863, 2876, 2884, 2900, 2918, 
and 2933 cm−1 are assigned to the symmetric and antisym-
metric stretching vibrations of the C–H bonds in  CH2 and 
 CH3 groups of the ODT molecule (Table 2) [27, 29, 31–35].

In the Raman spectrum of the surface passivated in the 
BPT solution, a few very low-intensity bands observed in the 
600–1650 cm−1 spectral range (Fig. 7a) were attributed to 
the ring deformation at 650 cm−1, the ring breathing vibra-
tions at 809 cm−1, the in-plane bending vibrations of the 
C–H bonds at 1201 cm−1, the stretching vibrations of the 
C–C at 1280 cm−1, and the C=C bonds of benzene ring at 
1529 cm−1 [27, 29–31, 36].

Additionally, in the spectral range above 1650 cm−1, 
a few very low-intensity modes are recorded. A band at 
2583 cm−1 is assigned to the stretching vibration of the S–H 
bonds, while the bands in the range of 2900–3100 cm−1 are 
attributed to the stretching vibration of the C–H bonds [27, 
32]. The comparative analysis of the results (Figs. 6, 7 and 
Table 2) indicates a good agreement between experimentally 

Fig. 6  a The Raman spectra of (100) GaSb passivated in 10  mM 
ODT-C2H5OH; b the calculated Raman spectra of the ODT molecule

Fig. 7  a The Raman spectra of (100) GaSb passivated in 10  mM 
BPT-C2H5OH; b the calculated Raman spectra of the BPT molecule
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observed modes and theoretically calculated wavenumbers 
for the GaSb surface passivated in both the 10 mM ODT-
C2H5OH and the 10 mM BPT-C2H5OH solution.

Raman spectroscopy studies indicate that there are no 
Raman active modes in the 600–3050 cm−1 spectral range 
for the bulk (100) GaSb surface Fig. 8). It is for this reason 
that the first- and the second-order Raman modes of GaSb 
surface show modes only below 500 cm−1 [37, 38].

Due to the presence of a greater amount of the islands 
with higher heights ranging from 20 to 100 nm (Fig. 3), the 
Raman spectrum of the GaSb surface passivated in the ODT 
solution has much higher intensity as compared to the spec-
trum recorded for the BPT-passivated surface. To obtain the 
Raman spectra of comparable intensity for both compounds, 
the collection time had to be increased from 180 s for the 
ODT-passivated surface to 1200 s for the BPT-passivated 
surface, whereas the other parameters were the same during 
the measurements. It is due to the greater scattering volume 
for the surface with greater aggregates. The measurements 

Table 2  Wavenumbers and assignments of vibrational features of the ODT and the BPT layer on (100) GaSb surface

Data multiplied by a scaling factor 0.98
def deformation, str stretching, b bending, sym symmetric, as antisymmetric, ip in plane, oop out of plane, tw twisting, sc scissoring

ODT layer BPT layer

Experimental DFT calculation Assignment Experimental DFT calculation Assignment

�̃�  (cm−1) �̃�scal  (cm−1) Raman scattering 
activity (Å4/amu)

�̃�  (cm−1) �̃�scal  (cm−1) Raman scattering 
activity (Å4/amu)

– – – – 650 633 8.8312 ring def ip
744 716 28.7793 C–S str – – – –
– – – – 809 804 70.4590 ring breathing
1060 1042 14.8175 C–C str – – – –
1100 1098 12.1711 C–C str 1086 1092 144.7361 C–S str
1128 1120 31.8590 C–C str – – – –
1172 1177 3.6742 C–C–C boop 1201 1192 162.1313 C–H b ip
1295 1294 65.2112 CH2 tw 1280 1280 544.0225 C–C str
1440 1458 80.2102 CH2 sc – – – –
1462 1469 7.9783 CH3 b as – – – –
– – – – 1592 1604 1146.0131 C = C str in benzene
– – – – 1610 1620 419.3299 C = C str in

benzene
– – – – 2583 2628 144.7433 S–H str
2720 2616 224.7304 S–H str – – – –
2849 2934 470.1434 CH2 str sym – – – –
2863 2935 662.2074 CH2 str sym – – – –
2876 2945 336.5044 CH2 str as – – – –
2884 2946 173.3418 CH2 str as – – – –
2900 2957 192.8190 CH3 str sym – – – –
2918 2986 15.5480 CH2 str as 2919 2962 452.4007 CH3 str sym
2933 3019 113.9064 CH3 str as – – – –
– – – – 3043 3115 112.6116 C–H str sym
– – – – 3069 3122 272.0142 C–H str sym

Fig. 8  The Raman spectrum of (100) GaSb surface recorded in 100–
3200 cm−1 spectral range
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outside the islands, carried out in the region of the grain-
structured surface of both samples, do not allow to register 
the Raman spectra of thiols layers. It is because the sponta-
neous Raman scattering technique has too small sensitivity 
to register the Raman spectrum from the very thin ODT and 
BPT layers, since the amount of scattering material is too 
small to register the spectrum.

3.3  Contact angle measurement

The contact angle of the deposited droplets of water onto 
the (100) GaSb surface before and after passivation in the 
10 mM ODT-C2H5OH or the 10 mM BPT-C2H5OH reveals 
the macroscopic changes of the surface-free energy, con-
trary to the information about the ODT and the BPT 
adsorption received from the AFM images in nanometric 
scale. The results of the measurements of the surface wet-
ting by pure water performed 5 days after the thiols pas-
sivation are presented in Table 3 and Fig. 9. The values 
of the static contact angle obtained immediately after the 
water droplet deposition (t = 10 s after the surface wet-
ting) and t = 30 s later, as well as automatically calculated 
droplet volumes are summarized in Table 3. The informa-
tion about the droplet size is important for assessing the 
impact of distortion drops by gravitation. The shape of a 
sufficiently small droplet is not distorted by gravitation and 
the contact angle depends only on surface tensions. The 
minimal change of volume after 30 s (from 9.9 to 9.8 µl for 
the GaSb surface) indicates that the drop does not dry up. 

Figure 9 shows the recorded droplet images obtained for 
the (100) GaSb surface: (a) without passivation, (b) after 
passivation by the 10 mM ODT-C2H5OH solution, and (c) 
after passivation by the 10 mM BPT-C2H5OH. The static 
contact angle was changed both after the ODT and BPT 
passivation, amounted to 78° and 68°, respectively.

These results indicate that the GaSb surface has been 
modified and they are consistent with the data received 
from the AFM studies, although the AFM images pro-
vide information on a nanoscale, while the contact angle 
measurements concern the surface at the macro-scale. The 
AFM images (Figs. 3, 4 and 5) show evidently the pres-
ence of the SAMs on the GaSb surface. The difference 
between the received values for ODT and BPT-passivated 
surfaces indicates the changes of the surface-free energy 
or/and topography. The lower contact angle value of the 
BPT monolayer compared to ODT is connected with spe-
cific electronic properties of two phenyl rings of BPT 
molecules making the monolayer more hydrophilc. The 
monolayer of BPT adsorbed on the GaSb surface is much 
better oriented and densely packed thanks to the attrac-
tion of the biphenyl rings of neighboring molecules than 
the ODT layer. The received values of contact angles are 
consistent with the literature data for the (100) GaAs sur-
face modified with alkanethiols, especially for the short 
carbon chains [39]. Additionally, the changes of the con-
tact angle of the GaSb surface passivated by the thioles, 
stored under ambient conditions, were also investigated. 
The decrease in the contact angle after 1 month was ~ 1° 

Table 3  Contact angle of (100) GaSb surface passivated by ODT and BPT

Surface Contact angle (°) Volume of drop (µl)

α10 (after 10 s) α30 (after 30 s) V10 (after 10 s) V30 (after 30 s)

(100) GaSb 83 82 9.9 9.8
(100) GaSb passivated by ODT 78 77 9.9 9.8
(100) GaSb passivated by ODT after 1 month 77 77 10.0 9.8
(100) GaSb passivated by BPT 68 68 9.8 9.7
(100) GaSb passivated by BPT after 1 month 54 52 9.4 9.3

Fig. 9  Schematic presentation of contact angle of a water droplet onto (100) GaSb surface a before passivation; b after passivation in 10 mM 
ODT-C2H5OH; c after passivation in 10 mM BPT-C2H5OH
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for ODT and ~ 15° for BPT monolayers, indicating that the 
thioles are still present on the GaSb surface; however, the 
ODT SAMs are more stable than BPT.

3.4  Current–voltage characteristic

The passivation effectiveness has been controlled by cur-
rent–voltage characteristics. The electrical characteristics 
at 225 K, obtained for the T2SL InAs/GaSb photodetector, 
before and after passivation using three different methods, 
are presented in Fig. 10. It includes the  (NH4)2S passivation, 
the  SiO2 coating after the ODT passivation in the 10 mM 
ODT-C2H5OH (ODT + SiO2) and the  SiO2 coating only. The 
results of the contact angle analysis showed the higher term 
stability for ODT SAMs compared to BPT SAMs (Table 3); 
therefore, the ODT SAMs were chosen for the two-step pas-
sivation (ODT +  SiO2). Generally, the application of pas-
sivation caused the reduction of a dark current regardless of 
the chosen method as compared to the unpassivated devices. 
The largest decrease of about an order of magnitude was 
observed for the detector with the two-step passivation con-
sisting of the ODT and the  SiO2 coating. Probably, the ODT 
played the main role of an electrical passivant, whereas the 
 SiO2 layer provides protection against environmental expo-
sure. The increase in the dark current density at high reverse 
bias for the  SiO2-passivated surface was caused by the vari-
ation in a doping concentration profile. It is necessary to 
further study the two-step passivation, in particular, the role 
of the ODT and the  SiO2 as the passivants.

In Fig. 11, dark current density as a function of reciprocal 
temperature at 50 mV reverse bias is shown for unpassivated 
and ODT + SiO2 passivated photodetectors. The choice of 
devices to compare was dictated the highest decrease in the 
dark current among all aforementioned types of passivation. 

The measurements were performed in the temperature range 
from 75 K to 300 K. Passivated device was characterized by 
smaller dark current density than the unpassivated one in 
the entire temperature range. The difference increased with 
decreasing temperature.

Besides electrical characterization of the detectors a spec-
tral current responsivity measurement were performed to 
check for any negative impact of passivation on the optical 
performance. In Fig. 12, a comparison between responsivity 
of unpassivated and ODT + SiO2-passivated devices at zero 
bias and at 225 K is presented. The responsivities for both 
samples are very close to each other and any variations are 
small enough that the dark current has far more influence 
on the overall performance (noise and detectivity). A small 
difference in the cutoff wavelength between the detectors 
was observed. It can be explained by the nonuniformity of 
the epitaxial material on the substrate, which is a result of 

Fig. 10  Current-voltage characteristics at 225 K for T2SL InAs/GaSb 
photodetectors: unpassivated and passivated by two-step treatment 
(ODT + SiO2), in 21%  (NH4)2S and  SiO2

Fig. 11  Current density versus reciprocal temperature for unpassi-
vated and ODT + SiO2 passivated photodetectors at 50  mV reverse 
bias

Fig. 12  Spectral current responsivity for unpassivated and 
ODT + SiO2-passivated photodetectors measured at zero bias and at 
225 K
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MBE reactor configuration that was used for the growth of 
detector heterostructures.

4  Conclusions

In conclusion, the new two-step passivation with  SiO2 coat-
ing after the 10 mM ODT-C2H5OH wet treatment was used 
for T2SL InAs/GaSb infrared detector. To understand the 
mechanism of passivation, the (100) GaSb surface covered 
with the ODT and, for comparison, the BPT SAMs was 
characterized by the AFM, Raman spectroscopy and contact 
angle measurement. The AFM images show the homogene-
ous surface with the typical granular structure for both ODT 
and BPT monlayers; however, the presence of the aggre-
gates was also observed. The results of Raman spectroscopy 
strengthened by DFT calculations confirm the presence of 
the ODT and BPT layers on (100) GaSb surface. The change 
of contact angle after both the 10 mM ODT-C2H5OH and the 
10 mM BPT-C2H5OH wet treatment indicated the evidence 
presence of ODT and BPT monolayers, respectively. In addi-
tion, the decrease in the contact angle after 1 month was ~ 1° 
for ODT and ~ 15° for PBT, indicating that the thioles are 
still present on the GaSb surface; however, the ODT SAMs 
are more stable than BPT.

Consequently, using the two-step passivation by ODT-
based wet treatment and following  SiO2 layer deposition 
allowed to improve the performance of T2SL InAs/GaSb 
detector. The dark current was reduced by one order of mag-
nitude for passivated detector, where the second step—the 
 SiO2 coating—can act as encapsulation.
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