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Abstract

A resonant-cavity-enhanced (RCE) PIN photodetector has high bandwidth
and high sensitivity compared with traditional PIN photodetectors. In this
paper, the structure of a RCE GalnAsSb/GaSb photodetector has been
designed so that the light is incident from the substrate. The top reflector for
this structure is made of 9.5-15.5 periods of InAs/GaSb quarter wave stacks
(QWS) and the bottom reflector is composed of three periods of Si0,/Si
QWS. An antireflection coating with more than 99% transmissivity is
deposited on the substrate surface. A simulation shows that the quantum
efficiency could be more than 90% at the operating wavelength 2.4 um. The
device has two spectral response peaks, which could make the device

function as a double-colour detector.

1. Introduction

The 2-5 pum mid-infrared wavelength region is of great
interest for a wide range of applications such as optical
communications, environmental protection and military
applications. GalnAsSb quaternary alloys lattice-matched
to GaSb are ideal for use as detectors in the 1.7-4.3 um
wavelength range because of their high sensitivity and
high operating temperature [1-3]. In a traditional PIN
photodetector, the incident light passes through the absorbing
layer only once and the quantum efficiency is low. Making the
absorbing layer thicker to increase the quantum efficiency, will
reduce the bandwidth of the device accordingly. So there is a
trade-off between quantum efficiency and bandwidth in device
design. To resolve this problem, a resonant-cavity-enhanced
(RCE) photodetector has been developed [4]. In this device,
a PIN photodetector is put inside a Fabry—Perot cavity and
the incident light has more than one absorbing path inside
the absorbing region due to multiple reflections, as shown in
figure 1. Because of the large amplification of the resonant
optical field within this cavity, a very thin absorbing layer
can reach high quantum efficiency as well as a high speed
of response. Hence, a RCE photodetector with quantum
efficiency close to unity may be achieved.

The study of RCE photodetectors has been mainly
concentrated on Ge/GeSi, InGaAsP/InP and InGaAs/InP

0268-1242/04/060690+05$30.00 © 2004 IOP Publishing Ltd Printed in the UK

(GaAs) photodetectors up to now and a device with
more than 100 GHz bandwidth has been demonstrated
[5-10]. But GalnAsSb/GaSb RCE photodetectors have few
reports. Yan Shi et al [11] reported a GalnAsSb/AlGaAsSb
RCE photodetector grown by MBE in 1998. In their study,
the bottom reflector is made of AlAsSb/GaSb quarter wave
stacks (QWS). It is well known that the growth of binary
compounds is easier than that of the ternary or the quaternary.
In this paper, we have extended the application of RCE
structure to a GalnAsSb/GaSb photodetector operating at
2.4 pm. The structure of GalnAsSb/GaSb RCE photodetector
based on InAs/GaSb QWS has been designed and the quantum
efficiency has been calculated.

2. Analysis

2.1. Materials

For a typical RCE photodetector, the reflector grown on
a substrate is made of QWS which are composed of two
semiconductors grown alternately. The difference between
the refractive indices of the two semiconductors is considered
to be large enough so that the period number of QWS for
high reflectivity can be reduced. The energy gap of the two
semiconductors should be larger than the photon energy of
the incident light to reduce the absorption by the QWS. The
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Figure 1. Schematics of the Fabry—Perot cavity model. The shaded
region is used to simulate the absorbing region placed in the cavity.

two semiconductors must be lattice-matched to each other
and also to the substrate to reduce the density of interface
states. InAs/GaSb heterostructure match very well and their
refractive indices at 2.4 pm are 3.755 and 3.516, respectively.
These show that InAs/GaSb QWS may be used as the
reflector in a GalnAsSb/GaSb RCE photodetector. But the
photon energy at the operating wavelength 2.4 um is larger
than the energy gap of InAs and the absorption coefficient
of intrinsic InAs is more than 10* cm™' at the operating
wavelength, which results in an increase in the absorption
by the QWS and a decrease in the quantum efficiency.
However, the semiconductors of the QWS are generally doped
heavily to reduce the series resistance. According to the
Bustein shift [12], the absorption edge of heavily doped
semiconductor would move towards the short wavelength
region. For example, the absorption coefficient of doped
n*-InAs with a carrier concentration of 3.8 x 10'® cm™ is
about 4 x 10> cm~! [13]. If the InAs is heavily doped
and its total length is not more than several micrometres,
only a little incident light will be absorbed in the QWS, as
shown below. The growth of InAs/GaSb heterostructure has
already been reported [14]. So a reflector which is made
of InAs/GaSb QWS is feasible in a GalnAsSb/GaSb RCE
photodetector operating at 2.4 um. The composition of
GalnAsSb can be calculated with linear interpolation [15].
For operating at 2.4 pum and lattice-matching to GaSb, the
alloy Gay 75Ing25As0,02Sbg 0g is selected.

2.2. Reflectivity and reflection phase shift of reflector

The reflectivity and reflection phase shift of a reflector made
by QWS can be calculated by the transfer matrix method [16].
The lightwave transmitting through the film can be described
by the characterized matrix as

koh isin(koh)/T"
M .005( oh)  isin(koh)/ 0
il" sin(koh) cos(koh)
where
F= [2ncos0  keh=ndcosé-2n/n.  (2)
0]

n and d are refractive index and the thickness of the film,
respectively. 6 is the refractive angle and X is the wavelength
of incident light. As the light is normal incident, 0 is zero.
The characterized matrix of multilayer films can be expressed
by

mip

M:M1XM2X---XMHZ|:
myj

mlz] ) 3)

mpy

Then the reflectance r and reflectivity R can be obtained,
respectively, by the following formulae:
r + ol — — T
rO) = 07111 0l sy — My /22 4)
Lomyy + Dolgmyp + moy + Domay
R =r() xr()* (&)
where subscripts 0 and s represent the incident medium and
the substrate medium, respectively. The reflection phase shift
of the reflector is given by

V(1) = —arg[r(A)]. (6)

2.3. Quantum efficiency

For the model shown in figure 1, the quantum efficiency of the
RCE photodetector can be expressed by [17]

n = {[1 +R2()L) e_a()L)d]/[l _2 Rl(k)Rz(k)e—a(k)d
x cos(2BL + Y1 (A) + Y (X)) + Ri(M) Ry (M) e—zamd]}
x (1= Ri(W))(1 — e “M9) )

where « is the absorption coefficient, d is the thickness of
the absorbing layer and R;, R, are reflectivity of the top
reflector and the bottom reflector, respectively. 1, denotes
the reflection phase shift of the top reflector and v, denotes
that of the bottom reflector. § is the propagation constant and
L is the effective length of the cavity. The maximum quantum
efficiency occurs when cos(28L + ¥ + ¥,) = 1. It then
follows that [17]

Ny = { d 2 ) } (1 — R )(1 — ﬂxd) (8)
= X e .

r (1 —JRiRye ad)2 !

T'he maximum T’]p can be obtained at R1 = Rze 2 . At

the off-resonant points, that is when 28L + v + Y =
2n + D, (n = 1,2,....), the field amplitude of the
light between the two end reflectors decreases due to the
destructive interference of forward and backward travelling
waves, resulting in suppressed quantum efficiency; for a high
Q resonant cavity in particular the quantum efficiency will
be lower [17]. If the absorption of the top reflector is taken
into account, (1 — R;) in (7) and (8) should be replaced by
(1 — Ry — A), where

A=(1—Ry) x (1—e ) )

is the absorption percentage of the incident light, where ap,
dp are the effective absorption coefficient and the effective
absorption length of top QWS, respectively. Then the quantum
efficiency can be expressed by

—apdp

Neff =1 - € (10)
This shows that the quantum efficiency will decrease as an
exponential function of the thickness and absorption of the
top reflector. For a RCE photodetector the standing wave
effect must be considered. Then the absorption coefficient «
of absorbing layer should be replaced by [4]

Oleff = O - SWE (11)

where

2 .
SWE =1+ ——————[sin Bd cos(2BL, + Bd + 12

ﬂd(1+r22)[ B (2BLy + Bd + )] (12)
where L, symbolizes the distance from the bottom reflector
to the absorbing layer, and r; is the reflectance of the bottom

reflector.

691



L Jun et al

d

Iy Antireflection film
\[/ \l/ \l/f % % coating, T>99%
Electrode

PIN layer GaSb Substrate
170.9nm n*-InAs Top reflector
158.9nm n*-GaSb 12.5 periods
170.9nm InAs InAs/GaSb
— Bottom
E— fl 325nm GaSb
reflector PIN
300nm GalnAsSb
325““} GaSb Electrode
GaSb substrate 5iQ,
Bottom reflector
(4) (B)

3 periods QWS

Figure 2. The structures of the devices for different designs.

(A) The structure of a typical RCE PD. The resonant cavity is
between the air-semiconductor interface and the substrate.

(B) Structure of the GalnAsSb p-i-n RCE PD in which the light is
incident from the substrate.
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Figure 3. Reflectivity of InAs/GaSb QWS as a function of periods.

3. Structure of device

The typical RCE photodetector structure is shown in
figure 2(A). If this structure is selected for a RCE GalnAsSb/
GaSb photodetector, the top reflector generally uses the air—
semiconductor interface whose reflectivity is about 34%, and
the bottom reflector is made of InAs/GaSb QWS whose
reflectivity as a function of the period number is shown in
figure 3. It can be seen in figure 3 that the reflectivity of 27.5,
33.5, 45.5 periods of InAs/GaSb QWS is 90%, 95% and 99%,
respectively. QWS with so many periods will make the growth
of a high quality reflector difficult and increase the series
resistance. To resolve this problem, the structure shown in
figure 2(B) has been designed. In this structure the light is
incident from the substrate. The antireflection coating with
more than 99% transmissivity should be deposited on the
substrate surface. The top reflector is made of InAs/GaSb
QWS and the bottom reflector is composed of three periods
of Si/SiO, QWS which has 99.4% reflectivity. The peak
reflectivity of the top reflector is 33.2%, 48.1% and 61.3%
at the operating wavelength 2.4 um with 9.5, 12.5 and 15.5
periods of QWS, respectively, as shown in figure 3. The curves
of quantum efficiency as a function of «ad at different R, are
shown in figure 4. From these curves it can be seen that all the
quantum efficiency peaks are more than 99% if the absorption
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Figure 4. The dependence of quantum efficiency on ad for different
R;. The solid line is when the absorption of the top reflector is
neglected while the dot line is included.

of the top reflector is neglected. To obtain more accurate
quantum efficiency the absorption of the top reflector is
considered. As the device operates at 2.4 um, the thickness of
InAs and GaSb is easily calculated as 170.9 nm and 158.9 nm,
respectively. Because of the multiple reflections in the QWS,
the absorption of the top reflector is difficult to calculate
accurately. Neglecting the absorption of GaSb (it is small
compared with the absorption of InAs) and replacing op
and dp in formula (8) by the absorption coefficient and the
thickness of InAs are adopted to approximately calculate the
absorption of the top reflector. As the absorption of the
top reflector is taken into account, the quantum efficiency
decreases to 88.3%, 91.2% and 93.5% for 15.5, 12.5 and 9.5
periods of InAs/GaSb QWS, respectively, as shown in figure 4.
Furthermore, the InAs/GaSb heterojunction has II-type energy
band structure. It is noted that the heterojunction will
have semimetal properties if the thickness of each period in
InAs/GaSb multilayer films is more than 17 nm [18]. As the
thickness of InAs and GaSb in the QWS is 170.9 nm and
158.9 nm, respectively, obviously the heterojunction has
semimetal properties, which would make the series resistance
of the QWS very low, resulting in reduced the voltage on the
QWS and improving the performance of the device. This
shows that the structure represented by figure 2(B) is feasible
and easy to grow. The thickness of each layer is given in figure
2(B), in which the cavity thickness is given for a device with
12.5 periods of top QWS.

4. Results and discussion

To simplify the preparation of the device, the structure shown
in figure 2(B) is selected. Some properties of the device
are calculated to estimate its performance. As the value of
ad depends strongly on the incident light wavelength, the
dependence of the absorption coefficient on the wavelength
should be taken into account to calculate the variation of
the quantum efficiency with the wavelength. To the best of
our knowledge the absorption coefficient of GalnAsSb has
not been reported. Adachi [19] has given InAs and GaSb
absorption coefficients, from which it can be seen that the
absorption coefficients of InAs and GaSb are consistent with
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Figure 5. The simulated GalnAsSb absorption coefficient.

the relationship of the absorption coefficient of a direct band
semiconductor on the wavelength, which can be expressed as
follows [20]:

A(hv — Eg)l/z, hv > E,
a(hv) = (13)
B -exp(c-v),hv < E,
(A) 4 T T
— 9.5 periods InAs/GaSb
3Ly L oW NEh e 12.5 periods
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Table 1. Optical parameters of materials used in calculation.

GalnAsSb  GaSb  InAs Si Si0,
Refractive 3.7 3.755 3.516 1.46 3.46
index
(at 2.4 pum)
Absorption 1 0 0.04(38x 0 0
coefficient 10" cm™3
(x10*cm™h) n*-doped)

where A, B, and c¢ are coefficients. For calculating
approximately, it is assumed that the absorption coefficient of
GaSb-rich GalnAsSb follows the relation (13) and its variation
with wavelength is similar to that of GaSb. Generally, it is
assumed that the absorption coefficient is approximately 1 x
10* cm™~! near the absorption edge for direct band gap III-V
semiconductors [11]. Based on this, the absorption coefficient
of GalnAsSb has been simulated, as shown in figure 5. The
optical parameters of materials used in the calculation are
shown in table 1. As the refractivity variations of both InAs
and GaSb from 2 to 2.9 um are small [21], the dispersion of
refractivity is neglected during calculation. Some properties
of the designed device including the reflection phase shift and
the reflectivity of QWS are shown in figures 6(A) and (B),
respectively. The graphs show that the variation of the bottom
reflector’s reflectivity and the phase shift with wavelength are

(B)
AP o mm e e e i
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Q
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Figure 6. Calculated properties of the designed device. (A) The phase shift of the reflector. (B) The reflectivity of the reflector for different
numbers of periods of InAs/GaSb QWS and three periods of Si/SiO,. (C) The quantum efficiency 7 as a function of wavelength. The
absorption of the top reflector is taken into account for the calculation. The dependence of 1 of 500 nm-absorbing layer device without a
reflector on wavelength is also shown for comparison. (D) The quantum efficiency 7 as a function of wavelength. The absorption of the top
DBR is taken into account for the calculation and the phase shift of the reflector is neglected. The dependence of n of 500 nm-absorbing
layer device without a reflector on wavelength is also shown for comparison.
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minimal. However, the top reflectors have high reflectivity in
a very narrow wavelength range and the phase shifts vary
from O up to 3 periodically and have sudden transitions
at the wavelength with minimum reflectivity. Figure 6(C)
shows the variation of quantum efficiency with wavelength.
The cut-off wavelength is in the range of 2.48-2.56 um
and is altered by a different R;. Each curve of the
quantum efficiency has two peaks, which correspond to the
maximum and minimum reflectivity of the top reflector.
These show that the devices will have two spectral response
peaks and could function as a double-colour detector.
Figure 6(D) shows the quantum efficiency of the devices when
the phase shifts of the top reflector are neglected. Comparing
figure 6(C) with 6(D), the quantum efficiency is obviously
suppressed between the two peaks in figure 6(C), which is
dominated by the phase shift of the top reflector. As the
reflectivity of the top reflector decreases from the peak at
2.4 um down to zero at the short wavelength region, the phase
shift is from O up to about 3, which makes the cavity tend to the
off-resonant points mentioned before, resulting in suppressed
quantum efficiency, in particular, the higher the reflectivity of
the top reflector, the lower the quantum efficiency. Therefore,
another peak of quantum efficiency occurs at the minimum
reflectivity of the top reflector. The quantum efficiency of
nearly 2 pum in figure 6(C) reduced rapidly, which is caused
by the high absorption of the QWS. It is apparent that the
device with 9.5 periods of QWS has more than 40% quantum
efficiency in the range from 2.06 to 2.45 um. However, the
devices with 12.5 and 15.5 periods of InAs/GaSb QWS have
more than 40% quantum efficiency only near the two peaks.
As shown in figure 4, the thickness of the absorbing layer may
reduce as the reflectivity of the top QWS increases, which will
increase the bandwidth of the device. These show that the
device with 9.5 periods of InAs/GaSb QWS will have a broad
spectral response range while one with 12.5 or more periods
QWS will have higher bandwidth.

5. Conclusion

We have designed a structure for a RCE photodetector based
on a GalnAsSb/GaSb heterojunction. In this structure, the
top reflector is made of InAs/GaSb QWS and the bottom
reflector is composed of three periods of SiO,/Si QWS. The
light is incident from the substrate which has an antireflection
coating. The quantum efficiency of the designed devices has
been simulated in a closed analytical form that includes the
structure parameters of the photodetector. The dependences
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of QWS reflectivity and reflection phase shifts as well as
the absorption coefficient of GalnAsSb on wavelength have
been considered. It is found that the reflection phase shifts
affect the quantum efficiency greatly. The maximum quantum
efficiency of more than 90% can be obtained at 2.4 um if
the top reflector is made of 9.5-12.5 periods of InAs/GaSb.
The devices have two spectral response peaks, which will make
the device function as a double-colour detector. The device
with 9.5 periods of InAs/GaSb QWS will have more than 40%
quantum efficiency from 2.06 to 2.46 um, due to which the
device has a broad spectral response range. As the number of
periods increases, the device bandwidth will increase and the
maximum quantum efficiency will decrease.
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