A st Petersburg Polytechnic University Journal. Physics and Mathematics. 2024. Vol. 17. No. 3.2
HayuyHo-TexHuueckue sBegomocTtu CM6IMY. ®dusnko-matematudeckme Hayku. 17 (3.2) 2024

Conference materials
UDC 621.383.525
DOI: https://doi.org/10.18721/IPM.173.236

Influence of the doping level
in the absorption layer of InGaAs/InP 2.5 ym
photodetectors on their electrical properties

0O.V. Barantsev'®, E.l. Vasilkova'?, E.V. Pirogov', K.Yu. Shubina',
A.l. Baranov', K.O. Voropaev3, A.A. Vasil'eVv3,
L.Ya. Karachinsky', I.I. Novikov', M.S. Sobolev'?

1 Alferov University, St. Petersburg, Russia;
2St. Petersburg Electrotechnical University “"LETI", St. Petersburg, Russia;
3]JSC “OKB-Planeta”, Velikiy Novgorod, Russia

® gvbarantsev@gmail.com

Abstract. In .,Ga, ,As/InP PIN-photodiode heterostructures with different doping levels
have been grown by molecular beam epitaxy. Metamorphic buffer layers were applied to prevent
misfit dislocations nucleation in active layers. Capacitance-voltage and current-voltage curves
of fabricated photodiodes have been measured and analysed. The impact of various dark current
mechanisms has been estimated after the measurements of current-voltage curves at different
temperatures.
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Aunnorammst.  In, .Ga, ,As/InP  PIN-doroaumonteie reTepocTpyKTypsl €  pasindHBIMU
KOHLEHTpALMSIMU JIETUPYIOLIEH MPUMECH B TOMIOLIAIIIEM CJI0o€ ObLIM BbIPAILIEHbl METOIOM
MOJICKYJIIPHO-TTYIKOBOM 3MUTAKCUU. MeTaMopdHBle OydepHBIe CJIOM WCITOIB30BaHbI IS
YMEHBIICHUS TUIOTHOCTU IMCJIOKAIIMiI HECOOTBETCTBUS B aKTMBHOI OOJIACTH TETCPOCTPYKTYP.
Brun n3ydyeHs! BObT-(hapamHbie M BOJIbT-aMIIEPHBIC XapaKTePUCTUKH TTOJTYICHHBIX KPUCTAJUIOB
doronronoB. Ha ocHOBe BOJIbT-aMIEPHBIX XapaKTePUCTUK, IOJYYEHHBIX IIPU Pa3HBIX

TeMmIepaTypax, ObLI UCCIeN0BaH BKJIAI pa3IMUHbIX MEXaHU3MOB 00pa30BaHUSI TEMHOBBIX TOKOB.
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Introduction

InGaAs/InAlAs/InP photodetectors operating in the spectral range of 2.2—2.6 um have a wide
range of applications. They can be used in infrared spectroscopy devices, gas and night vision sen-
sors [1]. However, to achieve a high performance in this spectral range, In,,,Ga, ,As absorption
layer should be used. Since the absorption layer and InP substrate have a mismatch of 2.1% in
the lattice constant, metamorphic buffer layers (MBLs) need to be implemented.

The properties of optoelectronic devices are closely connected with the density of misfit dislo-
cations. In photodiodes, such defects can lead to a high value of dark current. Dark current is a
noise, which decreases sensitivity of photodiodes at low luminous intensities [2].

MBLs could effectively suppress generation of misfit dislocations in the absorption layer, but
it is necessary to find optimal design and growth parameters to achieve the best device character-
istics. In the present work, influence of the doping level of the absorption layer on dark current
has been investigated.

© bapannes O.B., BacuibkoBa E.W., TNMuporos E.B., lllyouna K.}O., Bapanos A.U., Bopomaes K.O., Bacunse A.A.,
Kapauunckuii J1.4., HoBukoB U.U., CoboneB M.C., 2024. U3natenn: CankT-IleTepOyprckuil MoIMTEXHUIECKUI YHUBEPCUTET
IleTpa Benuxoro.
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Materials and Methods

PIN-photodiode heterostructures were grown by molecular beam epitaxy using a semi-indus-
trial Riber MBE49 setup. We used n*-type “epi-ready” InP (100) wafers to grow two structures
with different doping levels of the absorption layer, called S-1 and S-2.

At the beginning of growth, substrates were annealed. After that, a thin 100 nm lattice-matched
In,,,Ga, As layer was grown. Next, n*-In Al, As metamorphic buffer layers were formed by
gradually increasing indium (In) mole fraction at growth temperatures of 500—510 °C (thermo-
couple). MBLs contained three InAlAs/InAs superlattice inserts. Structure S-1 was made with
an inverse step in MBLs: indium mole fraction was increased up to 86%. S-2 was manufactured
without an inverse step, but In .Ga, ,As/In Al As digital superlattice inserts before and after
the absorption layer were formed. MBLs growth was followed by thermocycling process of peak
temperature rising up to 630 °C and slow cooling down to 50 °C. The growth process of MBLs
is described in more detail in [3]. After MBLs, 1.5 um In_,,Ga  ,As active layer was grown. The
absorption layer was slightly n-doped using silicon (Si). The doping concentration of the active
layer was on the order of 10'® cm™ in both samples, but its estimated value in S-2 was specially
made 4 times higher than in S-1. At the end, 0.6 um p*-type contact layers doped with beryllium
(Be) were formed on the top of the heterostructure.

Photosensitive areas with the diameter of

P-type contact photosensitive area 140 pum and contact areas were fabricated using a

standard photolithography procedure. The overall

photodiode mesa size was 325x325 um?. A sche-

N-type matic structure of produced PIN-photodiodes is
contact presented in Fig. 1.

ECV profiles were measured by

passivation
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metallization
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Electrochemical capacitance voltage profiler

n*-In,AlyAs x=0.52->0.86 ECV Pro (Nanometrics, USA). The C—V curves

2l metamoiph'c buffer were gained using LCR Agilent E4980A setup.
SU’LS't'rr;Te The I—V curves at different temperatures were

obtained using The Keithley 2400 measuring
setup. The samples were cooled using Janis
Fig. 1. Schematic structure of PIN-photodiode =~ VPF-100 cryostat.

Results and Discussion

ECV measurements helped to calculate carrier concentrations in the active layer of two sam-
ples. In S-1 its value was 10-2' cm™, and in S-2 it was 8-10' cm™3, which is 4 times higher,
as expected. In p*-type and n*-type contact layers, respective main carrier concentrations were
2-10"® cm™3, showing that PIN structures were successfully manufactured.

I—V curves of both samples at room temperature of 300K are shown in Fig. 2. They are
highly asymmetrical, showing a diode-like behavior. At reverse bias voltages less than 0.2 V, dark
currents values of samples are different: in S-2 the dark current is higher by almost an order of
magnitude. However, at higher bias voltages, the dark currents of structures are nearly identical,
reaching the value of ~ 1.2-1075 A (which corresponds to dark current density of 7.8-107> A-cm™?)
at a bias voltage of —1.0 V. This probably could indicate that high doping of active layers leads
to an increase in diffusion dark current. But, as it was shown in [4], it is still necessary to slightly
dope absorption layers. Therefore, for lowering dark current at small bias voltages doping concen-
tration should probably be ~ (1—2)-10"¢cm™.

The suggested doping concentration value is close to the one recommended by some works [4].
However, it is much lower than in other studies, where the optimal doping concentration is
claimed to be ~(1—5)-10" cm™3 for the lower leakage current [5].

It should be mentioned that the doping concentration is connected with the device capaci-
tance. Consequently, it defines the response time and the thermal noise. Therefore, the impact of
higher doping levels of the absorption layer on photodiode capacitance should also be researched.
For this reason, capacitance-voltage curves were acquired to study manufactured PIN-structures
S-1 and S-2.

The plot in Fig. 2 shows that 1/C>—V characteristics are highly linear, which may indicate
an abrupt p—n junction [6]. As expected, higher doping concentration led to higher capacitance
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Fig. 2. I-V (a) and C—V (b) curves of samples

(lower 1/C?). Nevertheless, capacitance values for both samples were of the same order of mag-
nitude: at a zero bias voltage it was 14 pF in S-1 and 24 pF in S-2. This might indicate that the
doping level does not significantly affect the operating speed of manufactured pin-photodiode
chips, which should be relatively high in both PIN-structures. Although, further measurements of
response time are required.

Since sample S-1 had lower dark current, it was chosen for the investigation of current—voltage
curves, obtained at different temperatures. Dark current decreases with temperature decline,
showing the largest drop by more than two orders of magnitude at reverse bias voltages less than
0.4 V. It presumably indicates the high influence of diffusion dark current mechanism at lower
reverse biases, which supports the idea of higher diffusion dark current in sample S-2 at room
temperature. /—V curves obtained at different temperatures are presented in Fig. 3.
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Fig. 3. Temperature dependence of /—V curves

Conclusion

In,.,Ga, ,As/InP PIN-photodiode heterostructures with different doping levels of the absorp-
tion layer and superlattice inserts have been studied. It was discovered, that doping concentrations
of active layers should be ~ (1 — 2)-10'® cm™ for achieving better performance. The value of the
dark current was determined to be ~ 1.2-107° A at a bias voltage of —1.0 V at room temperature.
Capacitance-voltage measurements have shown that an increase of the doping concentration led
to an increase of the capacitance from 14 pF to 24 pF. The influence of different dark current
mechanisms was determined based on dark current temperature dependence.
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