A St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.2
HayuyHo-TexHnueckme sBegomocTtu CM6IMY. ®dusnko-matematudeckme Hayku. 18 (3.2) 2025

Conference materials
UDC 621.383.525
DOI: https://doi.org/10.18721/IPM.183.234

Structural and morphological characterization
of InGaAs/InP 2.5 um photodetector heterostructures
with different metamorphic buffer layer profiles

0.V. BarantseVv'®, E.l. Vasilkova', E.V. Pirogov', P.A. Dementev?,
V.N. Nevedomskiy?, L.Ya. Karachinsky', I.I. Novikov', M.S. Sobolev':?

1 Alferov University, St. Petersburg, Russia;
2 Joffe Institute, St. Petersburg, Russia;
3 St. Petersburg Electrotechnical University “LETI", St. Petersburg, Russia;
® ovbarantsev@gmail.com

Abstract. In; . Ga, As/InP PIN-photodiode heterostructures with different metamorphic
buffer layers’ profiles have been grown by molecular beam epitaxy. Cross-section transmission
electron microscopy images have been investigated to estimate the density of threading
dislocations. Heterostructures’ surface and its roughness have been researched by atomic
force microscopy. The lowest dislocation density and surface roughness were observed in the
heterostructure with a linear-graded metamorphic buffer layers (MBLs). MBLs were designed
with a In mole fraction gradient of 0.18 rel. units/um. Epitaxial growth was concluded with
a final in situ high-temperature annealing step. Potential distribution of the heterostructures’
cleaved surface has been researched by Kelvin probe force microscopy.
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AHHOTALHUA. Ino’SSGaO’”As/InP PIN-doroaguonHbie reTepoCcTpyKTypbl € PasiUYHbIMU
npoduasIMy U3MEHEHUST cOCcTaBa MeTaMOPGhHBIX Oy(GEePHBIX CI0€B ObLIM BhIpAIlleHbl METOIOM
MOJIEKYJISIDHO-TTYYKOBOM  smuTakcuu. M300pakeHUs IPOCBEUMBAIONICH  DIIEKTPOHHOM
MHUKPOCKOTIMM B TCOMETPUU IIONMEPECYHOTO CEUCHMS OBUIM TIPOAHAIM3UPOBAHBI IS
OLICHKM TUIOTHOCTHA MPOPACTAOIINX AWCIOKanuii. Pembed IMOBEPXHOCTH TETEPOCTPYKTYP M
LIEPOXOBATOCTh ObUIM MCCJIEAOBAaHbI C IOMOIIbI0 aTOMHO-CWJIOBOI MuUKpockomnuu. Cpenu
KUCCIICIOBAHHBIX O0O0pa3l0B MWHMMAJbHBIMU 3HAUYEHUSIMU IUIOTHOCTU OUCIOKALMI U
LIEPOXOBATOCTU MOBEPXHOCTH XapaKTePU3YETCsI FeTePOCTPYKTYpa ¢ MeTaMOP(MHBIM OyhepHbIM
cjoeM JMHeitHoro mpodwis ¢ TrpagueHToM coctaBa 0,18 OTH. em./MKM, POCT KOTOPOTO
3aBepuiajicsd in Situ BBICOKOTEMIICPATYPHBIM OTXHWIOM. PacripenmesieHMe ITOTEHIIMANA II0
MMOBEPXHOCTH CKOJIA TETEPOCTPYKTYP OBLJIO MCCIIEIOBAHO METOAOM cKaHupytomeit KemrpbBuH-
30HA-MUKPOCKOIIUH.

KmoueBbie caoBa: MetamopdHblie OydepHble ciou, HMHPpakpacHble (HOTOIETEKTOPHI,
MOJIEKYJISIPHO-TTYYKOBAsI MMUTAKCUSI
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Introduction

InGaAs/InAlAs/InP photodetectors operating in the spectral range of 2.2—2.6 um are valuable
for applications like infrared spectroscopy, gas analysis, and night vision [1]. The goal of achiev-
ing high performance in this spectral range requires the use of In ,,Ga  -As absorption layer.
However, the lattice constant mismatch of 2.1% between the In ,,Ga .As absorption layer and
the InP substrate makes it necessary to use metamorphic buffer layers (MBLs).

The mismatch of epitaxial layers’ lattices leads to an increase in the threading dislocations
density. In the present work, the influence of the MBLs’ profile on the crystalline quality of the
heterostructures has been investigated.

© Bapanues O.B., Bacunbkosa E.U., [Tuporos E.B., [lementses [1.A., HeBenomckuii B.H., Kapaunnckuii JI.51., Hosukos 1. A.,
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MBLs with continuous linear composition gradients, commonly used for the growth of
InGaAs layers high in In content on InP and GaAs substrates, are reported to improve dislocation
suppression, reduce dark currents [2], and decrease overall surface roughness [3]. Alternatively, in
other work a step composition gradient achieved minimal surface roughness [4].

An interesting variation, not yet studied for InGaAs/InP metamorphic growth, is a square-
root graded, or so called convex graded MBLs [5], where the composition changes non-linearly
(steep grading near the substrate and moderate grading near the active region). This design was
shown to enhance stress relaxation in highly mismatched InGaAs/GaAs heterostructures. We
also investigated a step-linear MBLs. Furthermore, the thermocycling process during step-linear
sample growth was performed after every step, which might be another mechanism for reducing
dislocation density [6].

Materials and methods

The semi-industrial molecular beam epitaxy Riber49 setup was used to manufacture PIN-
photodiode heterostructures. Three structures were grown on N*-type “epi-ready” InP (100)
wafers. These samples differed in their MBLs’ profiles, and in this work they are labelled S-1,
S-2 and S-3.

N*-In Al, As metamorphic buffer layers with In mole fraction changing from 0.52 to 0.83
were used in all heterostructures. They were formed after a thin 100 nm lattice-matched
In,,,Ga, As layer. MBLs’ width was 2 um in all structures, and MBLs’ growth temperatures
were maintained at 450—490 °C. Structure S-1 included convex-graded MBLs, where In mole
fraction changed as x = 0.52 + 0.219vz where z is MBLs’ width in um. Sample S-2 was made with
linear-graded MBLs. In heterostructures S-1 and S-2 MBLs growth was followed by in situ ther-
mal annealing with peak temperature rise up to 530 °C for 30 seconds and slow cooling to 50 °C
over 25 minutes for an exposure period of 20 minutes. Structure S-3 was manufactured with step-
graded MBLs consisting of five 200-nm-wide steps separated by 100-nm transition regions where
In mole fraction changed linearly. The thermocycling process for sample S-3 involved a 100 °C
temperature decrease over 2.5 minutes, then a return to the growth temperature over 2.5 minutes,
which was repeated after every step. After MBLs, 1.5 um In ,,Ga, ,As active layer was grown.
The absorption layer was slightly n-doped using silicon (Si). At the end, 0.6 um p*-type contact
layers doped with beryllium (Be) were formed on the top of the heterostructure.

In other studies, the application of inverse step is demonstrated [2]. We suppose that the
inverse step similarly improves characteristics of heterostructures with different MBLs, Therefore,
we find it necessary to first optimize the metamorphic buffer layers design and then apply the
inverse step.

The cleavage of samples was done with a sharp scalpel from the substrate side of the samples.
The cleaved surface was examined far enough from the edge of the samples so that the mechanical
effect of the cleavage process had a minimal effect on the chipped surface.

Transmission electron microscopy (TEM) images were acquired with a JEM-2100F (Jeol)
200 kV Field Emission analytical electron microscope. Both the (001) heterostructure surface and
the (110) cleavage surface morphologies of the samples were analysed by atomic force micros-
copy (AFM) under ambient conditions on a NTegra Aura setup (NT-MDT, Moscow, Russia),
operating in semi-contact mode, using NSG11 probes with a stiffness coefficient of SN/m and a
radius of curvature of the probe needle tip of 10 nm. For the study of the cleaved surface poten-
tial distribution a Kelvin probe force microscopy (KPFM) using conductive probes was applied.

Results and discussion

TEM images of analysed structures are presented in Fig. 1. All images demonstrate high dislo-
cation density in the MBLs of approximately ~ 10" cm™2. The dislocation densities in the active
layer of heterostructures were calculated for samples S-2 and S-3. For S-2 its value is ~5-10% cm™2
and for S-3 it is ~5-10° cm™2. Dislocation density for S-1 cannot be estimated due to the poor
quality of the respective TEM image. Therefore, further research on the dislocation density in S-1
is required. In previous studies, a dislocation-free region was observed [7]. The current images,
however, do not show it. The dislocation density values, presented in literature for similar meta-
morphic heterostructures, are typically ~107cm™2 [2]. In our work, this value is higher, which may
be due to the absence of an inverse step in the MBLs, and can be further improved.
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Fig. 1. TEM images of heterostructures S-1 (a), S-2 (b) and S-3 (¢)

AFM images of heterostructures’ surface, which are shown in Fig. 2, were analysed. Surface
roughness was measured as root-mean-square (RMS). It is demonstrated that sample S-2
has the lowest RMS of 17.3 nm. In other studies, this value for MBE-grown linear MBLs is
about 10—20 nm [2], which is in good agreement with our work. Non-linear MBLs on GaAs sub-
strates demonstrate RMS of 1—2 nm for 10x10 pm? surface area [5]. Therefore, it was expected
that convex-graded MBLs on InP substrates would also show the best results. However, this struc-
ture revealed a much higher RMS value, suggesting that further research on the optimal growth
conditions of InP-based convex-graded MBLs is required.
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Fig. 2. AFM images of heterostructures’ surface S-1 (a), S-2 (b) and S-3 (¢)

All images reveal typical anisotropic features of the metamorphic structures’ surface along the
[110] direction [2]. We can conclude that usage of linear-graded MBLs not only decreases the
dislocation density, but also leads to a better surface quality.

AFM and KPFM were used to better understand the cleavage morphology of three
samples (Fig. 3).

Sample S-1 (Fig. 3, a—d) demonstrates a good correspondence between the heterostructure
layer thicknesses observed in the AFM and KPFM images. The crystalline quality can be eval-
uated from images of the cleaved surface topography. The surface features, which appear as
diagonal stripes, most likely, follow threading dislocations. A reduction of dislocation density is
observed near the upper interface of MBLs. However, it is continued with a sharp increase in the
absorption layer. A dislocation-free area can be seen only in p-layer.

Images of the heterostructure S-2 (Fig. 3, e—/4) do not demonstrate diagonal surface irregularities,
which can be associated with lower dislocation density. Nevertheless, this sample has a rougher cleav-
age surface. Profiles of surface topography and electric potential correlates, but there are some differ-
ences. For example, from 2 to 4 um potential remains almost constant, while surface height changes.

Analysis of sample S-3 (Fig. 3, i-/), similar to S-1, demonstrates surface features indicative of
threading dislocations. In the active region, larger stripes are visible, but with a lower density, which
may confirm the better compensation of elastic strain and the annihilation of threading dislocations.
Irregularities are observed at the heterointerface between the metamorphic buffer layers and the active
region on both AFM and KPFM images, which might show the formation of misfit dislocations [8§].
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Fig. 3. AFM and KPFM measurements on the surface cross-section
of samples S-1 (a—d), S-2 (e—h), S-3 (i-])

In our work, we used the KPFM method to clearly illustrate the shape of the potential distri-
bution on the law of change of the In mole fraction.

The electric potential profiles for all three samples show a decrease from the n-doped
InP substrate to the p-layer. Local changes of a slope of the curve are noticeable, which might be
connected with the band structure [9]. We believe that such a study of the cleavage potential can
be used for the modelling of the band structure of the corresponding structures.

Conclusion

In;,Ga, ,As/InP PIN-photodiode heterostructures with different metamorphic buffer layers’
profiles have been researched. It is demonstrated that the structure with a linear-graded buffer has
the lowest dislocation density of ~5-10% cm™2 in the active layer and the least surface roughness
(RMS = 17.3 nm). The cleavage topography and electric potential distribution of three samples

were researched.
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