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Abstract : InP-based metamorphic InGaAs photodetector structures with lattice mismatch up to 2. 6% were grown on InAlAs

graded buffers with a relatively high mismatch grading rate of 1. 1% pum ™' by gas source molecular beam epitaxy. They were

compared to the samples with the same structures but smaller lattice mismatch of 1. 7% and 2. 1% to the InP substrate.

Characteristics of the wafers were investigated by the measurements of atomic force microscopy, x-ray diffraction, photolu-

minescence and device performances. Results show that moderate surface morphology, large degree of relaxation and feasi-

ble optical characteristics have been obtained for the photodetector structures with lattice mismatch of 2. 6% . The cut-off

wavelength of the device is about 2. 9um at room temperature. The typical dark current of 2. 56 A at room temperature has

been achieved at reverse bias of 10 mV for the photodetector with 300 pm diameter.
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Introduction

Photodetectors ( PDs) with response wavelength of

1 ~3um have many important applications, such as

(1] (2]

earth observation' ', special night vision'™, thermo-

[3]

photovoltaic for energy conversion'” , spectroscopy of
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[4], etc. In

characteristic absorption for gas detection
addition to HgCdTe and antimonide materials, the ter-
nary InGaAs can also cover part of this wavelength
range. For InGaAs, a relatively more mature growth
and processing technology can be applied. Therefore,

InGaAs PDs could be expected to have better perform-
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ances, especially at higher operation temperatures[s'ﬂ .

In, s,Ga, 4, As PDs lattice-matched to the InP substrate
with cut-off wavelength of about 1. 7um have been
widely used in fiber communication applications. The
response can be shifted to longer wavelength by in-
creasing the In content in the InGaAs alloy, whereas
introducing a quite large lattice mismatch between In-
GaAs absorption layer and InP substrate. Wavelength
extended InGaAs PDs grown by using hydride vapor
phase epitaxy ( HVPE )", metal organic chemical
vapor deposition (MOCVD) 78] or molecular beam ep-
itaxy ( MBE )"} with different cut-off wavelengths
have been reported. Among these works, the cut-off
wavelengths of the PDs are usually extended to shorter
than 2. 4pum, corresponding to a lattice mismatch of
about 1.7% to the InP substrate. The reports about In-
GaAs PDs with lattice mismatch larger than 2. 2% to
the InP substrate have not been seen to our knowledge.
In the wavelength extended PD structures, a suitable
buffer layer between InP substrate and InGaAs absorp-
tion layer should be inserted to overcome the propaga-
tion of misfit dislocations and degradation of the materi-
al quality. The InAlAs continuously graded buffer
grown by MBE technology is a feasible scheme for the
metamorphic InGaAs PD structures as the convenient
composition control in MBE!"! | whereas a thin buffer
should be preferable from a practical point of view as
the growth rate of MBE is limited to around 1pm/h in
practice.

In this paper, the characteristics of the MBE
grown InP-based metamorphic InGaAs PD structure
with up to 2. 6% mismatch and the effects of the In-
AlAs continuously graded buffer with a relatively high
grading rate of about 1. 1% pum ™' have been reported.
The metamorphic PD structures with 1. 7% and 2. 1%
mismatch to the InP substrate with nearly the same

grading rates were also grown and characterized as

references.
1 Experimental details

The samples were grown on (100 )-oriented InP
epi-ready substrates by using a VG Semicon V80OH gas
source molecular beam epitaxy (GSMBE) system. The

elemental In, Ga and Al sources were used as group III

sources, and their fluxes were controlled by changing
the cell temperatures. Arsine ( AsH;) and phosphine
(PH,) cracking cells were used as group V sources,
and their fluxes were controlled by adjusting the pres-
sure. The cracking temperature was around 1000 C.
Standard Be and Si effusion cells were used as p-and
n-type doping sources, and the doping levels were also
controlled by changing the temperatures. Before
growth, the fluxes of group Il sources were calibrated
by using an in situ ion gauge. The surface oxide de-
sorption of the substrates was carried out under P, flux,
including a slow ramp-up of the substrate temperature
until the reflection high energy electron diffraction
(RHEED) pattern showed an abrupt transformation to
2 x4 surface reconstruction.

The epitaxy structures of the metamorphic PDs
started from an N* In_ Al, , As continuously graded
buffer layer, and the In composition x was graded from
0.52 to a desired value y through the simultaneously
linear increase of In source temperature and decrease of
Al source temperature. After that, a 1. Spm n~
In,Ga, ,As absorption layer and a 0.6pm P In Al _,
As cap layer were grown. The targeted cut-off wave-
lengths of the PDs were set to be 2. 4pm, 2.7um and
2.9pum for samples (a), (b), and (¢), correspond-
ing to the desired value y of around 0.78, 0.84, and
0.90, and lattice mismatch of about 1.7% , 2.1%, and
2.6% to the InP substrate, respectively. The thicknesses
d of the In,  Al,__As buffer layer were about 1. 4pm,
2.0pm, and 2. 4um, corresponding to the lattice mis-
match grading rates of buffer layers of about 1. 2%
pm™', 1.1% pm™", and 1. 1% um™', respectively.
The growth rates of all layers were around 1pum/h.

After growth, the morphologies of the grown sam-
ples were observed by using an atomic force microscope
(AFM). The /20 rocking curves and reciprocal
space mappings ( RSMs) were measured by using a
Philips X’ pert MRD high resolution x-ray diffractome-
ter (HRXRD) equipped with a four-crystal Ge (220)
monochromator. The PL spectra were measured by
using a Nicolet Megna 860 Fourier transform infrared
(FTIR) spectrometer, in which liquid-nitrogen cooled
InSh detector and CaF, beam splitter were used. The

samples were mounted onto a continuous-flow helium
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cryostat to change the temperature, and a Coherent
INNOVA 305 argon-ion laser (A = 514. 5nm) was
used as an excitation source. The wafers were also pro-
cessed into mesa-type PDs. The mesas were defined by
using photolithography and wet etching, and then pas-
sivated by Si;N, using plasma enhanced chemical vapor
deposition (PECVD). After forming contact and alloy
step, the wafers were diced into chips. A HP4156A
precise semiconductor analyzer was used to perform the
dark current measurements at room temperature. A
Nicolet Magna 760 FTIR spectrometer was used to
measure the response spectra. In the measurement

CaF, beam splitier and Ever-Glo IR source were used.
2 Results and discussion

2.1 Atomic force microscope

The AFM images with 40 x 40pum® scan area are
shown in Fig 1. A regular cross-hatch pattern exists for
these lattice-mismatched PD structures. This type of
pattern could be attributed to the two types of misfit

dislocations A and B oriented along the [ 110 ] and
[110] directions, corresponding to group V and III ai-

om-based cores, respectively'"'’. Along the [ 110 ]
direction, the primary ridges are in parallel, and the
periods of primary ridges are around Spm, 6pum, and

8m for samples (a) 5 (b), and (c), respectively.

RAIS 6. 7nm

Fig.1 AFM images of InGaAs PD structures with different lat-
tice mismatch (a)1.7% (b)2.1% (c)2.6% (40 x40.m?)
Bl 1 AR A KRS InGaAs ISR S F T 1 BE#ER
£ (a)1.7% (b)2.1% (c)2. 6% (40 x40pm”)

The period increases with the lattice mismatch. On the
ridges small undulations exist periodically and the oval-
like defects pop out on the top of the ridges. The period
of the small undulations is around 1pwm. The root mean
square ( RMS) roughness values are 8. 7nm, 10.2nm
and 6. 7nm for samples (a), (b) and (c), respective-
ly. For sample (c) with the largest epi-layer mismatch
to the InP substrate, the oval-like defects seem more
distinct. Nevertheless, the differences of morphologies
for these three samples are not so obvious to distinguish
the quality of the wafers, and the roughness values are
all tolerable for further device processing.
2.2 X-ray diffraction

To characterize the structural properties of the
samples, x-ray diffraction measurements were used.
Fig. 2 shows the (004) «w/26 rocking curves of differ-
ent samples and Table 1 lists the extracted results.
There are a substrate peak and a layer peak in each
rocking curve, where the relatively narrower peak cor-
responds to the substrate peak and the relatively broa-
der peak to the layer peak. The layer peak is merged
by the InAlAs cap layer and InGaAs absorption layer
with almost same In composition. The In compositions
of the epi-layers are around (a)0.77, (b)0. 83 and
(¢)0.91 on average from full relaxation estimation,
which are close to our targeted In compositions. With
the increase of the In composition, the full width at
half maximum (FWHM) is slightly broadened and the
intensity of the layer peak is slightly decreased, which
can be attributed to the degradation of the crystalline

T T T T T

[ (004)

S

Intensity/a.u.

-4000 3000 -2000 -1000 0 1000
(w/26)/arcsec

Fig.2 HRXRD rocking curves of InGaAs PD structures with
different lattice mismatch (a)1.7% (b)2.1% (¢)2.6%

B2 ARFEEEKA InGaAs HRIN 34549 19 HRXRD 2 12 ih
28 (a)1.7% (b)2.1% (c)2.6%
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F1 M HRXRD L IRNA 4 R
Table 1 Results from HRXRD rocking curves

Buffer thickness/ L peak

Sample Mismatch grading intensity/ Relaxet'l'ln R‘elaxed lattice
rates( um)/ FWHM composition  mismatch( % )
(%p.m") (arcsec)
(a) 1.4/1.2 10807/680 0.772 1.67
(b) 2.0/1.1 9490/744 0.834 2.09
(c) 2.4/1. 1 7206/1015 0.910 2.62

quality as expected. To judge whether the buffer layer
is efficient for the metamorphic growth, it is necessary
to investigate the relaxation status of the epi-layers,
and the RSM measurements should be introduced.

The symmetric (004 ) and asymmetric (224)
RSM reflections were meaéured and shown on the left
and right sides of Fig. 3, respectively. The intensities
are in the logarithmic scale. In all RSMs, the relative-
ly narrow and circular peaks correspond to the InP sub-
strate ( denoted as S). The diffraction features from in-
dividual epitaxy layers are distinguished in the RSMs.
The two layer peaks correspond to the InGaAs absorp-
tion layer ( denoted as L1) and InAlAs cap layer ( de-
noted as 12 ), respectively. They are elliptical with a
larger diffuse scattering perpendicular to the normal
line due to the existence of dislocations. L1 and L2
were assigned by measuring the HRXRD rocking curves
in the same directions before and after etching the
InAlAs cap layer. The layer peak was shifted toward
the substrate side after the etching. On the (004 )
reflections, the divergencies of the centers of substrate
peaks and layer peaks along the horizontal direction
correspond to the macroscopic tilts of the layers to sub-
strates'™!. The tilt angles of L1 to the substrate are
-1.1°,1.1°, and 1. 1° for samples (a), (b) and
(c), respectively. For the (224) reflections, the
intensities of substrate peaks are weaker than those of
layer peaks due to the thick epi-layers. The lines of
full relaxation ( metamorphic) and full pseudomorphic
to the substrates were given on the (224 ) reflections
for references. The contours of layers are all far from
the pseudomorphic lines, indicating that the strain has
been relaxed through the InAlAs graded buffer layers.
The parallel mismatch f,, and perpendicular mismatch
f, of the InGaAs absorption layers were extracted from

the RSMs, and then the cubic lattice mismatch f and
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Fig.3 HRXRD RSMs of InGaAs PD structures with different
lattice mismatch (a)1.7% (b)2.1% (¢)2.6%

B3 AFESEKA InGaAs #7125 45+ 4 HRXRD RSM
(a)1.7% (b)2.1% (c)2.6%

In composition y were calculated by the following equa-
(13)

tions
_(l-w 2y
Al e At ()
f= Yaya + (1 = y) g, = e ’ (2)

Ayp
where a,,., ac., and a; are the lattice constants of

InAs, GaAs, and InP, respectively. v is the Poisson
coefficient of In Ga,_ As, and can be given by the
elastic constants ¢;, and ¢, as:
b= o2 (3)
ey FCp
The values of ¢,, and c,, were linearly interpolated by

the parameters of binary InAs and GaAs'"*’ . The de-
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2 2 Results from HRXRD (224) RSM measurements
Table 2 M HRXRD(224) T RSM T2 BRI & R

Buffer thickness/

Mismatch eradin L1 In L1 cubic LI degree of
Sample rates (;jn) / 6 composition  mismaich relaxation
(% um 1) f(%) R(%)
(a) 1.4/1.2 0.773 1.68 92.6
(b) 2.0/1.1 0.833 2.09 97.1
(e) 2.4/1.1 0.870 2.38 92.4
Energy/eV
09 08 07
T T .
roN 4
[ | Water absorption bands q—— ]
L, [ T=300K 1
s | In,Ga,. yAs
£ ﬁr |
§ In,Al,,As 7
=
="

In,Ga, ,As

\

[ 7=77K

In,Al,,As

AN

PL intensity/a.u.

(a) x1

1.5 2.0 2.5 3.0
Apum

Fig.4 PL spectra at 300 K and 77 K of InGaAs PD structures
with different lattice mismatch, the water absorption bands are
indicated for references

B4 R KA InGaAs RIS L5M B 300 K M 77 K F
BRI, Bt T ARRRBCEE N B

grees of relaxation R for the InGaAs layers were then cal-
culated from R =f,/f and listed in Table 2. For all the
three samples, the degrees of relaxation are larger than
90%. Therefore, by vsing the InAlAs graded buffer lay-
' the In-

GaAs layers have been relaxed efficiently in all samples.

ers with the grading rates of around 1. 1% pm”~

2.3 Photoluminescence
The optical properties of the epi-layers are most
important in understanding the quality of the materials

Fig. 4 shows the PL

for optoelectronic applications.

spectra of the samples at 300 K and 77 K. The centers
of the speciral envelope of the PL signal are identified
as the PL peaks and denoted in Fig. 4, noting that the
water absorption bands have affected the PL signals,
especially in the wavelength range of 2. 5 ~ 2. 8pm.
The blue-shift of the PL envelops as the temperature
decreases can help for the peak identification. Two PL
envelops can be observed for every sample. The stron-
ger one with the longer wavelength corresponds to the
InGaAs absorption layer, and the weaker one with the
shorter wavelength corresponds to the InAlAs cap lay-
er. The centers of the PL envelops corresponding to the
InGaAs absorption layers are at about 2.41 pum, 2.65
pm, and 2. 91 pum at 300K, and blue-shift to 2. 14
pm, 2.34 um, and 2. 54 pm at 77K,

which are in agreement with the theoretical PL wave-

respectively,
lengths from the In compositions. The PL intensities
increase to about 50 times as the temperature decreases
from 300 K to 77 K. An unexpected phenomenon is
noticed that the PL intensity corresponding to the In-
GaAs layer of sample (¢) with larger mismatch to the
InP substrate is stronger than that of samples (a) and
(b). The instrument function related to the response
increase of InSb detector and CaF, beam splitter at lon-
ger wavelength may be the reason. Nevertheless, it is
definite that favorable optical characteristics can be ob-
tained for the InP-based PD structure with up to 2.6%
mismatch by using InAlAs continuously graded buffer
with the grading rate of about 1. 1% pm™'
2.4 Device performances

To confirm the quality of the wafers, the dark cur-
rent performances of the PDs were measured for the
mesa-type devices with 300 pm diameter. Fig. 5 shows
the I-V characteristics of the PDs. At reverse bias V, =
10 mV, the dark currents are 0.426 pA (6.03 x107*
A/em’), 0.838pA (1.19 x107* A/cm?), and 2.56
pA (3.62x107° A/cm’) for samples (a), (b), and
(c), respectively. It is indicated that more nonradi-
ative centers are generated for sample {¢) due to more
dislocations introduced by the larger lattice mismatch.
Nevertheless, the dark current performance of sample
(¢) is even better than our previous results of the met-
amorphic PD with about 2. 1% mismatch to the InP
substrate and a grading rate of about 0. 7% pm™"' for
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Fig.5 I-V characteristics of InGaAs PDs with different lattice
mismatch at room temperatures (a)1.7% (b)2.1% (c)2.6%
The inset shows the response spectrum of InGaAs PD with 2. 6%
lattice mismatch at room temperature

BS5 ARAKAE InGaAs MBI ER IV (a)
1L.7% (b)2.1% (c)2.6%. i E B/RER BB KRB R 2.
6% 11 InGaAs BRI 2% = IR 0a 17 Yo%

the InAlAs buffer layer'™). The inset of Fig. 5 shows
the response spectrum at room temperature of sample
(c) ; the fluctuations in the response spectrum around
1.4pm, 1.9pum, and 2.5 ~2. 8um correspond to the
water vapor absorption bands. The PD shows response
peak at about 2. 64pm, with 50% cut-off wavelength
of 2. 89pum, which matches quite well with the PL
results. Therefore, for the metamorphic InGaAs PDs
with lattice mismatch to the InP substrate from 1. 7%
to 2.6% , the grading rate of around 1% pm ™' should
be slow enough. It is inappropriate to expect the
further improvement of the PD performance by slowing

the grading rate alone.

3 Conclusions

InP-based metamorphic InGaAs PD structures with
lattice mismatch up to 2. 6% have been grown on In-
AlAs continuously graded buffers with a relatively high
mismatch grading rate of 1. 1% pm ™' by GSMBE, and
compared to the samples with the same structures but
smaller lattice mismatch of 1. 7% and 2. 1% to the InP
substrate. The characteristics were investigated by the
measurements of AFM, x-ray diffraction, PL and de-
vice performances. Results show that the buffer layers
with relatively high mismatch grading rate are efficient
for the metamorphic PD structures. Moderate surface

morphology, large degree of relaxation and feasible op-

tical characteristics have been obtained. The cut-off
wavelength of the device with 2. 6% mismatch to the
InP substrate is about 2. 9um at room temperature,
while a typical dark current of 2. 56, A at the reverse
voltage of 10mV has been achieved for the device with

300pm diameter.
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