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Abstract 
Due to a large number of applications in the near and short-wave IR spectrum and a relatively high detectivity, PIN 
photodiodes based on epitaxial InGa(Al)As/InP heterostructures are of a great scientific interest. The operational spectral 
range of such photodetectors is up to 2.6 μm. However, to reach such wavelengths it is necessary to synthesize heterostructures 
with metamorphic buffer layers. In our study, we investigated the current-voltage and capacitance–voltage characteristics 
of PIN photodiodes based on InGa(Al)As/InP heterostructures with an original metamorphic buffer layer and an In0.83Ga0.17As 
absorbing layer grown by means of molecular beam epitaxy.
The photodiode chips were formed using standard post-growth processing techniques. The diameter of the photosensitive 
area of the obtained diodes was 140 μm. The dark currents and the shunt resistance were ~ 300 nA and ~ 25 kΩ at the voltage 
of -10 mV respectively.
Therefore, the suggested metamorphic buffer layer effectively eliminates threading dislocations in the active area of the 
heterostructure. The obtained heterostructures with metamorphic buffer layers can be used to produce IR photodetectors 
for the spectral range of 2.2-2.6 μm.
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1. Introduction
IR photodetectors attract attention due to 

the specifics of their spectral range, namely the 
high contrast of short-wave IR radiation in the 
Earth’s atmosphere. They also have numerous 
applications in the atmospheric window in a 
range of 1–3 μm, including in satellites, night 
vision equipment and thermal visors, lidars, 
fluid and gas spectroscopy, etc. [1]. Therefore, the 
development of effective near IR photodetectors 
is a promising area.

At the moment, the most well-studied is 
the wavelength range of up to 1.7 μm, with 
the leading position occupied by photodiodes 
based on In0.53Ga0.47As/InP lattice-matched 
heterostructures, which are characterized by 
lower dark currents and higher mobility of charge 
carriers as compared to photodiodes based 
on germanium (Ge). However, the 1.9–2.7 μm 
spectral range (in between the strong absorption 
spectra of water vapor) is often more preferable. 
In this case, analogous to the short-wave range, 
PIN photodiodes based on heterostructures 
with active InxGa1–xAs (x > 0.53) layers grown on 
indium phosphide substrates demonstrate good 
performance. Their cut-off wavelengths can be up 
to 2.6 μm [2; 3]. However, during the transition 
from the lattice-matched heterostructure to the 
layers enriched with indium, the dark currents 
of photodiodes grow rapidly by several orders 
of magnitude, which results in an abrupt drop 
in their detectivity [4]. Nevertheless, InGa(Al)
As nanoheterostructures on InP substrates can 
compete with HgCdTe and InAsSb materials 
in the 2.2-2.6 μm spectral region because this 
technology makes it possible to synthesize 
perfect crystalline semiconductor structures 
with highly homogeneous parameters and to use 
mature post-growth processing techniques to 
form crystal photodiode. Photodetectors based 
on InGa(Al)As/InP are highly effective at room 
temperature. Therefore, they require neither 
active, nor passive cooling, which helps to make 
the final devices smaller and more attractive 
commercially.

As compared to photodetectors based 
on In0.53Ga0.47As/InP lattice-matched hetero
structures, photodetectors based on InGa(Al)
As in the 2.2–2.6 μm spectral region are more 
difficult to produce, because they require very 

thick (about 1–2 μm) active layers with a high 
(up to 83%) concentration of indium. The 
pseudomorphic epitaxial growth of such layers on 
InP is impossible due to the strong elastic strain 
[5]. To grow relatively thick In0.83Ga0.17As layers on 
InP substrates, it is necessary to artificially match 
the crystal lattice parameters of the material and 
the substrate.

The misfit dislocations occurring during the 
epitaxial growth are extended charged defects 
of the crystal structure and result from elastic 
deformations taking place during the growth of 
layers with different parameters of their crystal 
lattices. Dislocations always have a negative 
effect on the properties of active optoelectronic 
devices, including photodetectors. Specifically, 
they reduce the breakdown voltage and increase 
the leakage current within the whole reverse 
bias range [6]. In the active area of photodiodes, 
dislocations can act as conductive channels 
between p-type and n-type regions, i.e. as a 
p-n junction barrier. Furthermore, dislocations 
result in a number of traps in the band gap for 
charge carriers acting as parasitic recombination 
centers. One solution to this problem involves 
introducing transitional epitaxial layers of 
variable compositions between the InP substrate 
and the active area of InGaAs, i.e. using the so-
called metamorphic buffer layer [7]. The main 
purpose of growing metamorphic structures is 
to slow down the penetration of dislocations 
into the buffer layers and to obtain a strain-free 
active area with a low density of defects in the 
crystal structure [8–10]. Metamorphic buffer 
layers prevent the penetration of dislocations 
into the active areas of photodiodes with an 
In0.83Ga0.17As absorbing layer, thus reducing the 
dark currents. Together with shunt resistance 
and the capacitance of photodiodes, dark currents 
are critical for the detection and identification of 
small optical signals with high signal-to-noise 
ratio.

Therefore, it is important to obtain InGa(Al)
As/InP heterostructures for PIN photodetectors 
characterized by a high structural quality 
and low dark currents and functioning in the 
spectral region of up to 2.6 μm. To obtain such 
a heterostructure, we suggested a design for 
InAlAs metamorphic buffer layers and performed 
the epitaxial growth of the test samples with an 
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active area of a high structural quality [11]. In the 
present study, we investigated the effect of the 
suggested structure of the metamorphic buffer 
layer on the electrophysical properties of crystal 
PIN photodiodes.

2. Experimental
The sample heterostuctures with metamorphic 

buffer layers for PIN photodiodes were grown 
by means of molecular beam epitaxy on n+-
InP (100) doped epi-ready substrates using a 
Riber MBE49 industrial molecular beam epitaxy 
setup. The heterostructure obtained for PIN 
photodiodes is demonstrated in fig. 1. It 
contained a p+‑In0.83Al0.17As region, a 1500  nm 
thick n–‑In0.83Ga0.17As layer serving as an IR 
absorption i-region, a 2 μm thick n+-InAlAs graded 
metamorphic buffer layer of variable composition, 
and a 100 nm thick In0.52Al0.48As lattice-matched 
layer. The layers between the substrate and the 
active InGaAs area were doped with silicon (n+), 
and the contact layers were doped with beryllium 
(p+). The InGaAs region was doped to the degree 
of (0.5–2)·1016 cm–3. The InxAl1–xAs metamorphic 
buffer layer was formed by linearly increasing the 
molar fraction of In from 0.52 to 0.86 at a constant 
temperature of the substrate with three thin 
inserts [InAs/InAlAs]×3 every 0.5 μm. At the end 
of the formation of the graded layer, the structure 
was annealed at a maximum temperature, and 
the temperature of the substrate holder was then 
lowered. The technology of the epitaxial growth 
of metamorphic buffer heterostructures for PIN 
photodiodes is detailed in [11]. 

Fig. 2 presents the diffraction pattern of 
the studied sample. The diffraction pattern 
demonstrates peaks of the InP substrate, the 
InGaAs layer, and the InAlAs metamorphic 
buffer with a linear composition gradient. 
The X-ray diffraction was performed using 
a DRON-8 diffractometer with a Bartels 
monochromator and the radiation at the X-ray 
tube of CuKa1  =  0.15406  nm. The diffraction 
maximum of the InGaAs layer corresponds to the 
reference maximum of a completely strain-free 
layer with a composition of about 83%.

In order to perform electrophysical 
measurements of the heterostructure by 
means of double photoresistive mask lift-off 
photolithography, we formed p- and n-type 
ohmic contacts based on a Ti/Pt/Au metal 
system and anode-cathode contact pads based 
on the V/Au metallization. The diameter of the 
photosensitive area of the diode was 140 μm. 
An optical microscope image of the obtained 
crystal photodiodes is presented in fig. 3. 
The crystals were then studied by means of 
electrophysical methods using a SUSS MicroTec 
PM 8 microprobe unit at the temperature of 
295 K. 

3. Results and discussion
3.1. Current-voltage characteristics

The effectiveness of the suggested design of 
the metamorphic buffer layer can be assessed 
based on the dark current-voltage characteristics 
of the resulting photodiode. The dark current-
voltage characteristics of several photodiodes 
from the middle of the wafer are shown in fig. 4. 
They were obtained using an Agilent B1500A 
semiconductor device parameter analyzer in 
the forward bias range V from -1 to 0.25 V with 
a 5 mV step. The figure demonstrates strictly 
asymmetric forward and reverse branches, 
which is common for diodes. The reverse current 
branch initially located in the third quadrant 
was projected to the positive semiplane for the 
convenience of presentation on a logarithmic 
scale. The most rapid increase in the dark 
current is observed at low reverse voltage bias 
range of up to 100 mV. The reverse branch 
corresponds to low dark currents: ~ 10 uA at 
reverse voltage bias of 1 V and ~ 300 nA at 10 mV 
respectively.

Fig. 1. The heterostructure obtained for PIN photodio
des
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The shunt resistance of the photodiode is 
the resistance of the unbiased p-n junction. 
It is usually measured based on the current 
value at the reverse bias of 10 mV < kT/q at 
room temperature T = 295 K (where k is the 
Boltzmann constant, q is the elementary charge) 

in accordance with the Ohm’s law: R
dU
dI0 = . 

The calculated shunt resistance was on average 
~ 25 kΩ, which corresponds to the product of 
R0A ~ 4 Ohm·cm2, where A is the junction area of 
the photodiode. 

When the crystal PIN photodiodes are 
subjected to IR radiation with a wide spectrum 
and the maximum intensity in the region 
of 2.5  μm, the current values of the reverse 
branch grew by about an order of magnitude. 
This indicated effective formation of electron-

hole pairs in the i-region of the photodiode. 
Therefore, the obtained heterostructure can 
be used to produce photodetectors of near IR 
radiation.

The dark current is an important parameter 
of photodetectors affecting the signal-to-
noise ratio and detectivity. There are several 
major dark current mechanisms reported for 
photodiodes: the diffusion current mechanism, 
the generation-recombination current in the 
depletion region, and the deep level tunneling 
mechanisms [3]. Surface leakage at the sidewall 
of mesa can also contribute to the dark current 
[12]. For a better understanding of the processes 

Fig. 2. X-ray diffraction pattern of the heterostructure with regard to the symmetric InP (004) reflection

Fig. 3. An image of a PIN photodiode crystal

Fig. 4. The dark current-voltage characteristics of 
crystal PIN photodiodes at 295 K

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(3): 417–423

Е. I. Vasilkova et al.	 Electrophysical properties of PIN photodiodes of the 2.2-2.6 μm range...



421

occurring in photodiodes it is necessary to 
determine the dominant mechanism based 
on the dependence of the dark current on the 
temperature. This is generally an exponential 
dependence IT  ~  exp(–Ea/kT). However, the 
activation energies Ea in the exponent differ 
depending on the dark current mechanism. 
For the diffusion current, the activation energy 
is about the band gap of the semiconductor 
material Eg , for the generation-recombination 
current it is about Eg/2 , and for the deep level 
tunneling and surface leakage the activation 
energy is Eg /4 [12]. The existing literature 
focuses on the dominating nature of generation-
recombination currents and trap-assisted 
tunneling [2, 3]. Indeed, at high concentrations 
of indium, the InGaAs solid solution becomes 
a narrow-bandgap material. This can be one of 
the reasons for the increase of the share of the 
generation-recombination currents as compared 
to lattice-matched heterostructures. However, 
a large number of dislocations characteristic of 
heterostructures with metamorphic buffer layers 
can result in additional levels in the band gap. 
Therefore, the contribution to the dark current is 
of mixed nature. In our study, we observed a four-
time decrease in the dark current at the voltage 
of -10 mV during the thermoelectric cooling of 
crystal PIN photodiodes by 10 degrees (fig. 5). 
To refine the dark current mechanism, further 
research is required in a larger temperature range 
of up to 77 K.

3.2. Capacitance–voltage characteristics
Standard capacitance–voltage characteristics 

of PIN photodiodes were determined by means 
of microprobe analysis using an Agilent E4980A 
precision LCR meter at frequencies of 200 kHz 
and 1 MHz in the reverse bias range from 0 to 3 
V. Typical capacitance–voltage characteristics 
are presented in fig. 6. Fig. 6 demonstrates that 
capacitance–voltage profile curves are practically 
identical at different frequencies. The capacitance 
of bias-free photodiodes was about 14 pF and 
then decreased following an increase in reverse 
voltage. In the reverse bias range of up to 2 V 
curves 1/C2(V) are linear with the slope coefficient 
practically independent of the frequency of the 
signal (fig.  7), which can indicate the abrupt 
nature of the obtained p-n junction [13]. 

4. Conclusions
In our study, we produced PIN photodiode 

chips of the near IR spectrum based on InAlAs/
In0.83Ga0.17As/InP heterostructures with a 
metamorphic buffer layer. The measurements of 
the electrophysical properties of the chips with 
the sensitivity area of 140 μm gave the following 
results: the dark current was ~ 300 nA at the 
reverse bias of 10 mV, the shunt resistance was 
~ 25 kΩ, and the shunt capacity was ~ 14 pF. 
Relatively low dark currents indicate effective 
resistance to the penetration of dislocations in 
the active area of the heterostructure, which 
are the main sources of noise and leakages. 

Fig. 5. The dark current-voltage characteristics of a 
crystal PIN photodiode at various temperatures

Fig.  6. The capacitance–voltage characteristics of 
crystal PIN photodiodes at 295 K
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The results demonstrate that the suggested 
metamorphic buffer layers of the heterostructure 
can be effectively used for the production of PIN 
photodiodes in the spectral range of 2.2-2.6 μm.

Contribution of the authors
The authors contributed equally to this article.

Conflict of interests 
The authors declare that they have no 

known competing financial interests or personal 
relationships that could have influenced the work 
reported in this paper.

References
1. Burlakov I. D., Grinchenko L.Y., Dirochka A.I., 

Zaletaev N. B. Short wavelength infrared InGaAs 
detectors. Advances of Applied Physics. 2014;2(2). (In 
Russ.). Available at: https://www.elibrary.ru/item.
asp?id=21505376 

2. Chen X. Y., Gu Y., Zhang Y. G., … Zhu Y. 
In0.83Ga0.17As photodetectors with different doping 
concentrations in the absorption layers. Infrared 
Physics & Technology. 2018;89: 381–386. https://doi.
org/10.1016/j.infrared.2018.01.029

3. Ji X., Liu B., Tang H., … Yan F. 2.6 μm MBE grown 
InGaAs detectors with dark current of SRH and TAT. 
AIP Advances. 2014;4(8): 087135. https://doi.
org/10.1063/1.4894142

4. Rogalski A. Infrared detectors: status and trends. 
Progress in Quantum Electronics. 2003;27(2-3): 59–210. 
https://doi.org/10.1016/S0079-6727(02)00024-1

5. Gendry M., Drouot V., Santinelli C., Hollinger G. 
Critical thicknesses of highly strained InGaAs layers 
grown on InP by molecular beam epitaxy. Applied 

Physics Letters. 1992;60(18): 2249–2251. https://doi.
org/10.1063/1.107045

6. Beam E. A., Temkin H., Mahajan S. Influence of 
dislocation density on IV characteristics of InP 
photodiodes. Semiconductor Science and Technology. 
1992;7(1A): A229. https://doi.org/10.1088/0268-
1242/7/1A/044

7. Tersoff J. Dislocations and strain relief in 
compositionally graded layers. Applied Physics Letters. 
1993;62(7): 693–5. https://doi.org/10.1063/1.108842

8. Karachinsky L. Y., Kettler T., Novikov I. I., … 
Vasil’Ev A. P. Metamorphic 1.5 μm-range quantum dot 
lasers on a GaAs substrate. Semiconductor Science and 
Te c h n o l o g y .  2 0 0 6 ; 2 1 ( 5 ) :  6 9 1 . h t t p s : / / d o i .
org/10.1088/0268-1242/21/5/022

9. Egorov A. Yu., Karachinsky L. Ya., Novikov I. I., 
Babichev A. V., Berezovskaya T. N., Nevedomskiy V. N. 
Metamorphic distributed Bragg reflectors for the 
1440–1600 nm spectral range: Epitaxy, formation, and 
regrowth of mesa structures. Semiconductors. 
2015;49(10): 1388–1392. https://doi.org/10.1134/
S1063782615100073

10. Egorov A. Yu., Karachinsky L. Ya., Novikov I. I., 
Babichev A. V., Nevedomskiy V. N., Bugrov V. E. Optical 
properties of metamorphic GaAs/InAlGaAs/InGaAs 
heterostructures with InAs/InGaAs quantum wells, 
emitting light in the 1250–1400-nm spectral range. 
Semiconductors. 2016;50(5): 612–615. https://doi.
org/10.1134/S1063782616050079

11. Vasilkova Е.  I., Pirogov Е. V., Sobolev M.  S., 
Ubiyvovk E.  V. Mizerov A.M., Seredin P. V. Molecular 
beam epitaxy of metamorphic buffer for InGaAs/InP 
photodetectors with high photosensitivity in the range 
of 2.2–2.6 um. Condensed Matter and Interphases. 
2023;25(1): 20–26. https://doi.org/10.17308/
kcmf.2023.25/10972

12. Liu Y., Ma Y., Li X., … Fang J. Surface leakage 
behaviors of 2.6 um In0.83Ga0.17As photodetectors as a 
function of mesa etching depth. IEEE Journal of 
Quantum Electronics. 2020;56(2): 1–6. https://doi.
org/10.1109/JQE.2020.2970745

13. Sze S. M., Li Y., Ng K. K. Physics of semiconductor 
devices. John wiley & Sons; 2021. 994 p.

Information about the authors
Elena I. Vasilkova, postgraduate student, Engineer, 

Alferov University (Saint Petersburg, Russian 
Federation).

https://orcid.org/0000-0002-0349-7134
elenvasilkov@gmail.com 
Evgeny V. Pirogov, Researcher, Alferov University 

(Saint Petersburg, Russian Federation).
https://orcid.org/0000-0001-7186-3768
zzzavr@gmail.com

Fig. 7. Dependence of 1/C2 on the voltage for crystal 
PIN photodiodes at 295 К

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(3): 417–423

Е. I. Vasilkova et al.	 Electrophysical properties of PIN photodiodes of the 2.2-2.6 μm range...



423

Kseniya Yu. Shubina, Cand. Sci. (Phys.–Math.), 
Researcher, Alferov University (Saint Petersburg, 
Russian Federation).

https://orcid.org/0000-0003-1835-1629
rein.raus.2010@gmail.com
Kirill O. Voropaev, Head of the group, JSC “OKB-

Planeta” (Velikiy Novgorod, Russian Federation).
https://orcid.org/0000-0002-6159-8902 
kirill.voropaev@novsu.ru
Аndrey А. Vasil’ev, Engineer-technologist, JSC 

“OKB-Planeta” (Velikiy Novgorod, Russian Federation).
https://orcid.org/0009-0009-2615-6795
Wasiliew.andre@yandex.ru
Leonid Ya. Karachinsky, Dr. Sci. (Tech.), Сhief 

Researcher, Alferov University; Leading Researcher, 
ITMO University (Saint Petersburg, Russian 
Federation). 

https://orcid.org/0000-0002-5634-8183
karach@switch.ioffe.ru

Innokenty I. Novikov, Cand. Sci. (Phys.–Math.), 
Senior Researcher, Alferov University; Senior 
Researcher, ITMO University (Saint Petersburg, 
Russian Federation).

https://orcid.org/0000-0003-1983-0242
novikov@switch.ioffe.ru
Oleg V. Barantsev, student, Laboratory Assistant, , 

Alferov University (Saint Petersburg, Russian 
Federation).

https://orcid.org/0009-0001-6873-8488
ovbarantsev@gmail.com
Maxim S. Sobolev, Cand. Sci. (Phys.–Math.), Head 

of the Laboratory, Alferov University (Saint Petersburg, 
Russian Federation).

https://orcid.org/0000-0001-8629-2064
sobolevsms@gmail.com
Received 16.11.2023; approved after reviewing 

05.12.2023; accepted for publication 06.12.2023; 
published online 01.10.2024.

Translated by Yulia Dymant

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(3): 417–423

Е. I. Vasilkova et al.	 Electrophysical properties of PIN photodiodes of the 2.2-2.6 μm range...


