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Lattice-mismatched InGaAs photodiodes with low dark current and very wide wavelength spectral response for near-
infrared spectroscopy applications are presented. We have demonstrated almost complete relaxation of the strain by using
the composition-graded InAsP buffer and also shown good reproducibility of the PD fabrication process.
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1. Introduction

Near-infrared ~ spectrometry is being applied to
quality/process control in many industrial areas such as
petrochemicals, foodstuffs, beverages and pharmaceuticals,
and is expected to offer a spectroscopic solution for non-
invasive measurement in medical research and in
environmental monitoring and imaging of gases and
temperature. Lattice-mismatched InGaAs photodiodes
(PDs) have been widely studied as highly sensitive
extended-wavelength photodetectors in the near infrared
region from 0.8 to 2.5 pm “”. However, several problems
limit the applicability of this approach. For example, the
strain between an InGaAs light-absorbing layer and an InP
substrate is not completely relaxed in the buffer layer, and
hence the strain affects the determination of composition. In
most cases, it was found that a relatively high dark current
and the poor reproducibility of the InGaAs composition
limited the effectiveness of this approach @. In addition,
lower quantum efficiency at the shorter wavelengths is due
to the strong light absorption of the thick cap layer ©.

In this paper we show that, using a very thin InAsP cap
layer and composition-graded InAsP buffer, one can solve
most of these problems and fabricate good quality lattice-
mismatched InGaAs PDs with good reproducibility for
detection over the entire near-infrared wavelength region.

2. Devise Structure and Fabrication

The cross section of the PD epitaxial wafer structure is
shown in Fig. 1. InP, InAsP and InGaAs were grown on
(100) InP substrates misoriented 2° toward <110> by
metalorganic vapor-phase epitaxy (MOVPE) using an
AIXTRON AIX 200/4 system. First, an S-doped,

composition-graded n-InAsP buffer was grown, followed by -

growth of the n-Inyg,GayyAs light-absorbing layer. The
composition-graded InAsP buffer consists of fifteen steps of
InAs Py, (y=0-0.63) and a 2-pm thick InAs, P, 5, layer. The
thickness of the InAs, ¢;P, 5, cap layer is as thin as 200 nm to
reduce the light absorption of the cap layer at the shorter
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Fig. 1 Schematic cross section of PD epitaxial wafer
structure.

Anti-reflection coating
Zn-diffused region

/ N( window (cap) layer

-

ohmic electrode

Metal wire

InGaAs light-absorbing layer

N

—
InAsP buffer
InP substrate

P

olyimide
pov ohmic electrode

Fig. 2 Schematic of PD with thin window (cap) layer and
InAsP buffer.

wavelength. The lattice mismatch of InygGag,As and
InAsyPg 37 to InP is +2.0%.

Figure 2 is a schematic cross section of the lattice-
mismatched InGaAs photodiode. Selective Zn diffusion was
carried out by the metalorganic vapor-phase diffusion
(MOVPD) technique and the diffusion depth was 200 nm
from the interface between the InAs,g;Py;; cap and
InggeGag0As light-absorbing layers. Photolithography and
chemical etching was followed by deposition of SiO,/Si,N,
films as an antireflection coating and the formation of ohmic
contact electrode defined mesas. The photosensitive area of
the PD was 1 mm in diameter.
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Fig. 3 Comparison of the composition y of InAsP,,
obtained from XRC to that from PL and OAS. The
compositions calculated from PL data by Eq. (1) and the
equation reported by Antipas et al. are represented by
symbols 0 and O, respectively. The values obtained from
OAS measurements are represented by x. Solid and
dashed lines were computed using a least squares
program.

To precisely determine the alloy composition and strain
relaxation for the InAsP buffer, X-ray rocking curves (XRC),
photoluminescence (PL) and optical absorption spectra
(OAS) were measured. For InAsP,,, the variation of the
band gap with As composition y was not well established.
The alloy composition of InAs/P,., from PL and OAS was
calculated by the empirical equation that we have proposed:

Eg=1.407-1.073y+0.089yz ......................

Here E, is the band gap energy of InAs,P,, with no strain at
77 K ®. The InAs,P,,, epitaxial layers prepared for this study
were also grown on the composition-graded InAsP buffer
layer to relax the strain induced by the lattice-mismatch of
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InAs P, , to InP substrates. Figure 3 shows the composition y
of InAs,P, , obtained from PL, OSA and XRC. The lattice
constant for unstrained InAs P, , is known to vary linearly
with composition and the relation between the composition y
and the lattice constant @ can be expressed as

a(y) =0.1894y +5.8696

In the case of unstrained layers, a = a1= aj where a1 and a|
are the lattice parameters of the unit cells perpendicular and
parallel to the interface between the layer and the substrate,
respectively. XRC was carried out in the (400) reflection
mode with Cu Ko, ( Acuxe=0-15056 nm) beam. From the
Bragg relation Ac,=2asiné, the fractional difference in
lattice parameter is given by

Ad
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where 0 is a Bragg angle with respect to the InP substrate
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Fig. 4 In-depth profiles for the compositions of As and P
in the linear-composition-graded InAsP buffer obtained
by SIMS analysis.
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Fig. 5 (004) reciprocal space map for the epitaxial wafer in Fig. 1.
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(100) plane and A@ is measured directly by the peak
separation in the (400) X-ray diffraction curve.

The compositions obtained from XRC agree well with the
values calculated by Eq. (1). In Fig. 3 the dashed line shows
the calculation carried out using the equation given by
Antypas and Yep ), which has been widely used for band
gap calculation of InGaAsP quaternary alloy with no strain
(10), (11)

We designed the linear-composition-graded InAsP buffer.
The top layer of the buffer was as thick as 2 um, as shown in
Fig. 1, and its composition was determined by using PL,
OAS and XRC measurements. Figure 4 shows the in-depth
SIMS profiles for the composition-graded InAsP buffer
where the atomic compositions for As and P are calculated
from the intensities of As and P signals. In MOVPE growth,
the growth rate for InAs P, is subject to In mole fraction
regardless of the flow rates of the group V sources, resulting
in the constant growth rate of InAs P, during the growth of
the composition-graded buffer.

The (004) and (204) X-ray diffraction reciprocal-lattice
space maps for the epitaxial wafer in Fig. 1 were measured
by high-resolution X-ray diffraction using a Philips X Pert
diffractometer. Figure 5 shows the result for the (004)
diffraction space maps in units of 1 rlu=Ac,/2d, where d is
the lattice parameter in the given directions. The three main
peaks are from the InP substrate, the thick top layer of the
composition-graded InAsP buffer and the InGaAs light-
absorbing layer. The strain is relaxed in the composition-
graded InAsP buffer, and the nGaAs light-absorbing layer is
lattice-matched to the thick top layer of the buffer, as seen in
Fig. 5. By measuring the relative positions of the diffraction
peaks from the layers and substrate, we determined the
lattice parameters of the unit cells for the top layer of the
composition-graded buffer and the InGaAs light-absorbing
layer . The percentage relaxation R is given by

R=(ay -a,)/( ai- a)x100 (%)

Here q, is the lattice parameter of the substrate and =
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Fig. 6 Comparison of diffusion depth for InP, InAsP,
InGaAs and GaAs.
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0.58696 nm for InP. This definition of R gives R=0% when
no misfit dislocations are presented and R=100% when the
layer unit cell has cubic symmetry. For the InAsP top layer,
the lattice parameters a. and ay were measured to be 0.5994
and 0.5992 nm, respectively. R is calculated to be 98.4% for
the InAsP top layer, resulting that the layer unit cell is nearly
cubic symmetry then the InAsP top layer on the
composition-graded InAsP buffer is almost fully relaxed.

The lattice mismatches of the InGaAs light-absorbing layer
to the InAsP top layer with respect to the lattice parameters
as and a were calculated to be 1.67x10” and —8.34x10™,
respectively.

A new technique of Zn diffusion, MOVPD, that we have
developed was applied to the formation of a shallow pn
junction through a very thin InAsP cap layer 3 (9
Compared to the previous Zn diffusions such as closed-
ampoule diffusion and diffusion from spin-on glass,
significantly lower Zn diffusivity can be realized by
MOVPD. Figure 6 shows a plot of diffusion depth versus the
square root of diffusion time for InP, InAsP and InGaAs
under the specified diffusion conditions. The values for
GaAs are the data reported by Paska et al . It was found
that the difference of Zn diffusivity between InAs, P, 5,and
Ing g0Gay0As was very small, thus simplifying control of the
Zn diffusion depth to form a shallow pn junction. The Zn
diffusion profile obtained by SIMS analysis is shown in Fig.
7. The diffusion depth is approximately 200 nm from the
heterointerface between the InAsP cap and InGaAs light-
absorbing layer. Zn doping as high as 2x10" ¢m? is achieved
for the InAs, ;P57 cap layer, so the cap layer also can act as
a good ohmic contact layer.

3. Device Characteristics

Figure 8 shows the reverse current versus voltage
characteristics for the twenty PDs measured at 294+1 K.
The dark current at a reverse applied voltage of 10 mV is 5
pA. The shunt resistance, which is defined as the resistance
when a reverse voltage of 10 mV is applied, is 2 KQ. The
thermal activation energy for the dark current was measured
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Fig.7 Profiles of Zn concentration and ion intensities
of As, Ga and P obtained by SIMS analysis.



to be 0.45 eV in the temperature range from 233 to 313 K.

Figure 9 shows the responsivity of the PD measured at
294+1 K in the near-infrared wavelength region compared to
the responsivity of conventional Si, lattice-matched InGaAs
and extended-wavelength InGaAs pin PDs. The dashed lines
in Fig. 9 represent the calculations with theoretical quantum
efficiencies of 60, 70 and 80%. The resuits show that the new
PD in this study can be not only operated in a wavelength
range much wider than that of conventional PDs, but also
have responsivity as high as that of conventional PDs.

From these results the noise equivalent power for the peak
wavelength A, of 2-2.3 um was calculated to be 1.3+
0.05x10"? and 3.2£0.1x10"> W/Hz"? at 294 and 253 K,
respectively. These values are the lowest achieved to date for
lattice-mismatched InGaAs PDs realized by both hydride
vapor-phase epitaxy and MOVPE.

In order to use the devices at an environment temperature
of around 300 K, the PD chips were mounted on an electric
cooler and were hermetically packaged in a metal package
with a glass window, as shown in Fig. 10. At an environment
temperature of 294+1 K, the temperature of the PD chip
could be controlled from 258 K to room temperature with
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Fig. 8 Reverse current versus voltage characteristics
for the twenty PDs measured at 294+1 K.
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Fig. 9 Measured responsivity of the PD and comparison to
responsivities of conventional Si, lattice-matched InGaAs
and extended-wavelength InGaAs pin PDs.
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Fig. 10 Photograph of the PD packaged with a
thermoelectric cooler.
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Fig. 11 Detectivity of the packaged PD as a function of
PD chip temperature at an ambient temperature of
294+1 K.

high temperature stability, and the detectivity D* of 1 to
3%10" ecmHz"%/W for A, = 2.0-2.3 pm was obtained as
shown in Fig. 11.

4. Conclusion

We have demonstrated a very wide wavelength range of
0.8-2.5 um and a high detectivity of 10" emHz"¥W at peak
wavelengths of 2-2.3 pum at room temperature for lattice-
mismatched InGaAs pin PDs based on a design with a very
thin cap layer and a composition-graded buffer. We have
demonstrated almost complete relaxation of the strain by
using the composition-graded InAsP buffer and also shown
good reproducibility of the PD fabrication process.
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