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In this paper, the responsivity of a resonant-cavity-enhanced SiGe/Si multiple quantum well
photodetector has been theoretically investigated. The present model considers the effects of
material parameters of Si1−xGex and recombination of carriers confined by the potential barriers at
the heterointerfaces of Si1−xGex / Si quantum wells on the detector responsivity for different
Ge-contents 共x兲. The effect of electric field due to applied bias on the emission of confined carriers
from quantized subbands has also been included in the analysis. Results show that though high
Ge-content is required to enhance the responsivity of the SiGe/Si photodetector for long-haul
communication 共at 1.3 and 1.55 m兲, the confinement of holes at the heterointerfaces may be
significant to affect the responsivity adversely. Studies at 1.3 and 1.55 m also show that the
responsivity of the photodetector for a particular Ge-content in the active layer can be increased by
suitable choice of well parameters and applied bias. © 2009 American Institute of Physics.
关DOI: 10.1063/1.3117519兴
I. INTRODUCTION

Photodetectors play key role in the high performance of
a multigigabit optical communication system.1,2 III–V-based
photodetectors have already shown excellent performance in
such applications. Recently, Si-based photodetectors have attracted a lot of interest among researchers around the world
mainly due to its low cost, CMOS compatibility, and high
integrability.3–8 Performance of the Si photodetectors, however, is not satisfactory for long-haul optical communication
due to the weak absorption characteristics of Si at long wavelengths such as 1.3 and 1.55 m. The incorporation of a
small amount of Ge into Si helps in the shifting of the absorption peak toward longer wavelengths. Significant absorption can be achieved in a SiGe photodiode at longer wavelengths by increasing the Ge-content in the SiGe alloy.
However, because of lattice mismatch between Ge and Si, it
has been demonstrated that the SiGe alloy can be grown on a
Si substrate 共i.e., lattice mismatch is tolerable兲 if the thickness of the SiGe layer is kept below a critical value.9 This
critical value decreases with the increase in the Ge-content
and, so, for higher wavelength applications, the SiGe layer is
constrained to be thinner. Although the thin absorption layer
is suitable for high-speed operation of a transit-time limited
photodetector, it reduces the quantum efficiency and, hence,
responsivity of the detector. This thin active layer can be
placed inside a resonant cavity10,11 and due to multiple reflections inside the cavity the optical field increases resulting
in the increase in responsivity of the photodetector. When the
layer is very thin, such as a quantum well 共QW兲, the resonant
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cavity alone is not sufficient to increase the responsivity significantly. The use of multiple QWs as the absorption layer
helps in this case. Thus, enhanced responsivity can be obtained by placing a Si1−xGex multiple quantum well 共MQW兲
photodetector structure inside a resonant cavity. The presence of heterojunction in such structures affects the responsivity and, so, appropriate modeling is required considering
this effect to predict the best possible design of the photodetector for high responsivity. To the knowledge of the authors,
this important aspect has not been considered earlier on the
modeling of the responsivity of photodetector.
In this paper, we have made a detailed study to calculate
the responsivity of a resonant cavity enhanced 共RCE兲
Si1−xGex / Si MQW photodetector for different Ge-contents
considering the effect of confinement of carriers in the potential trap at the heterointerfaces. The remaining sections of
this paper are organized as follows. A theoretical background
is given in Sec. II. The results from the computation are
discussed in Sec. III. Finally, in Sec. IV, a conclusion is
given.
II. THEORETICAL BACKGROUND

In this section, Ge-content dependent material properties
of the active SiGe 共alloy兲 layer and carrier confinement at the
heterointerface of a SiGe/Si QW structure are described.
Then, considering the above effects in association with the
optical field distributions within the active layer in a resonant
cavity, the responsivity of a RCE SiGe/Si MQW photodetector is calculated.
A. Material considerations

Material properties of a Ge-incorporated Si layer change
depending on the Ge-content. We have used Vegards’ law to
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TABLE I. Material parameters of SiGe for different Ge-content 共x兲 共⌬Ec = 0.03 eV assumed兲.

␣SiGe共m−1兲 共for dw = 20 nm兲

SiGe共m2 / V s兲

vsat,SiGe共m / s兲

x

 = 0.69 m

 = 0.85 m

 = 1.0 m

 = 1.3 m

 = 1.55 m

r,SiGe

Electron

Hole

Electron

Hole

⌬Eg
共eV兲

⌬Ev
共eV兲

0.1
0.2
0.3
0.4
0.5

3.2⫻ 106
4.0⫻ 106
5.1⫻ 106
6.9⫻ 106
9.2⫻ 106

7.9⫻ 105
1.3⫻ 106
1.9⫻ 106
2.8⫻ 106
4.0⫻ 106

9.9⫻ 104
3.0⫻ 105
6.2⫻ 105
1.1⫻ 106
1.8⫻ 106

0
0.556
7.9⫻ 103
5.8⫻ 104
2.3⫻ 105

0
0
0
0
5.3⫻ 103

12.31
12.72
13.13
13.54
13.95

0.174
0.198
0.222
0.246
0.27

0.0595
0.0740
0.0885
0.103
0.118

8.9⫻ 104
8.8⫻ 104
8.7⫻ 104
8.6⫻ 104
8.5⫻ 104

4.4⫻ 104
4.8⫻ 104
5.2⫻ 104
5.6⫻ 104
6.0⫻ 104

0.08
0.17
0.26
0.32
0.39

0.05
0.14
0.23
0.29
0.36

approximate some material parameters of the Si1−xGex alloy
for different Ge-content 共x兲. For example, relative permittivity of Si1−xGex, r,SiGe is given by
r,SiGe = r,Si ⫻ 共1 − x兲 + r,Ge ⫻ x

共1兲

where r,Si and r,Ge are the relative permittivities of Si and
Ge, respectively. Similarly, mobility and saturation velocity
are also calculated. Numerical values of some material parameters for different x are given in Table I.
The absorption coefficient12 of SiGe alloy 共␣SiGe兲 is calculated using the relation

␣SiGe = Z ⫻
+

冋

共h − Eg,SiGe − k兲2
1 − exp共− /T兲

册

共h − Eg,SiGe + k兲2
,
exp共− /T兲 − 1

共2兲

where  is the frequency of light wave, k is Boltzmann constant,  is the average phonon equivalent temperature, h is
the Plank’s constant, T is the absolute temperature, Eg,SiGe is
the band gap of SiGe alloy, and Z is a substantially
temperature-independent proportionality factor. The two
terms within the bracket on the right hand side of Eq. 共2兲
appear due to phonon creation 共−k兲 and phonon annihilation
共+k兲 to assist optical absorption in an indirect band-gap
semiconductor. The band gap and the phonon equivalent
temperature of SiGe alloy depend on the Ge-content.12,13

crease. To calculate the effect of carrier confinement at the
heterointerface, we need to know the rate of thermionic
emission of carriers. The rate of thermionic emission of holes
共␥ho兲 from the potential trap at the heterointerface in valence
band can be obtained from
共3兲

␥ho = B exp共− evd/kT兲,

where evd is the effective potential barrier for holes at the
heterointerface and B is a constant.14 Similarly, the rate of
emission of electrons from the potential trap at the heterointerface can be calculated. Thus, the calculation of emission
rate requires the knowledge of the effective barrier heights
for electrons and holes at the interfaces. These barrier
heights, however, depend on the offsets ⌬Ec and ⌬Ev in the
respective bands and the applied reverse bias. The values of
these band offsets for different Ge-contents are derived using
the interpolation of the available experimental data.13
The photodetector in our consideration consists of
MQWs as shown in Fig. 2共a兲. In a QW, the energy levels are
quantized and the ground state is lifted up. So, the effective
barrier height is reduced as shown in Fig. 2共b兲 for no bias
Back mirror
Metal contact
P-Si
Grading layer
i-Si1-xGex (dw)
I-Si (dB)

B. Carrier confinement at heterointerface

Let us consider a typical layer structure of RCE
Si1−xGex / Si MQW photodetector shown in Fig. 1共a兲. Bragg
reflectors serve as the mirrors of the resonant cavity. When
light of suitable wavelength is incident on the active layer
共SiGe兲, electron-hole pairs 共EHPs兲 are generated. These photogenerated electrons and holes move in opposite directions
giving rise to photocurrent. The photogenerated carriers on
their transit get confined at the heterointerfaces due to potential barrier, viz., holes are confined at the P – Si/ i-SiGe interface due to band offset in the valence band, and electrons are
confined at the i-SiGe/ N – Si interface due to offset in the
conduction band. To illustrate this, the carrier confinement in
a P – Si/ i-SiGe/ N – Si structure is shown by its band diagram
in Fig. 1共b兲. The carriers confined at the interface are emitted
by a slow thermionic emission process over the potential
barrier and, so, take a long time to reach the metal contacts.
The confinement of the carriers for a long time at the heterointerface results in the loss of carriers by recombination. This
causes the overall photocurrent 共hence, responsivity兲 to de-
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FIG. 1. 共Color online兲 共a兲 Schematic structure of a RCE SiGe/Si MQW
photodetector. 共b兲 Band diagram of a P – Si/ i-SiGe/ N – Si structure showing
carrier confinement at heterointerfaces.
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ture, Eg,SiGe in Eq. 共2兲 should be replaced by Eg,SiGe
⬘ , the sum
of Eg,SiGe, 兩EVB,Lower兩, and 兩ECB,Lower兩 as shown in Fig. 2共b兲.

L
L1

L2

dw

dB

iSiGe

I-Si

R1

R2

hν

+

N+
Si

N Si

I-Si

1

C. Responsivity calculation

i-

2

iI-Si
SiGe

SiGe

3

4

P
Si

P+Si

-

JA
,
共6兲
Pi
where J is the photocurrent density, A is effective area of the
detector, and Pi is the incident optical power. So, to obtain
responsivity, we first calculate the photocurrent density in the
photodetector.
Let us consider the case of holes first. As shown in the
lateral schematic structure, Fig. 2共a兲, the coordinate y is directed from N to P, direction of flow of holes. The active
layer is assumed intrinsic, so the field is constant in this
region and the carriers move with constant velocity. The continuity equation for holes can then be written in a simplified
form as

2M-1 2M

R=

y

y=0

(a)
CB

ecd

Lowest state
(electron)

ECB,Lower

Eg,SiGe

Eg′,SiGe
EVB,Lower

Lowest state
(hole)

evd
VB
dw

(b)

EVB,Lower

qFdw /2
∆Ev
qFdw

e′vd

dw

(c)

FIG. 2. 共a兲 Lateral view of a RCE SiGe/Si MQW photodetector. Numbers
共1 , 2 , . . . , 2M兲 at the bottom of the diagram indicate the positions of heterointerfaces. Electrons are confined at the odd-numbered interfaces while
holes are confined at the even-numbered interfaces. 共b兲 Energy band diagram of a single well at no bias. 共c兲 Valence-band diagram of a single well
under bias.

condition. Here, we have assumed that only one energy state
is present in the well. In order to calculate the effective barrier height 共e⬘vd兲 for the confined holes in a biased QW, we
consider the valence band diagram of a single well as shown
in Fig. 2共c兲. So, we may write
e⬘vd = ⌬Ev − EVB,Lower − qFdw/2,

共4兲

where dw is the well thickness, F is the electric field in the
well due to the applied bias, and EVB,Lower is the position of
the lowest energy states in the QW with respect to the top of
the valence band and is given by
EVB,Lower =

冉 冊

ប2 
2mⴱh dw

2

,

共5兲

where mⴱh is the effective mass of holes. So, evd in Eq. 共3兲 is
replaced by e⬘vd to calculate the emission rate of holes from a
QW. Similarly, the emission rate of electrons from a QW can
be calculated. The effect of such confinement of holes and
electrons at multiple heterointerfaces is considered to calculate the photocurrent and, hence, the responsivity of a MQW
photodetector as discussed in Sec. II C. It may be mentioned
here that for the estimation of ␣SiGe in case of a QW struc-

gr共y,t兲 =

The responsivity 共R兲 of a photodetector is defined as the
ratio of the dc photocurrent to the incident optical power,

 p共y,t兲
共p − p0兲
 p共y,t兲
,
共7兲
= g共y,t兲 −
+ vh
y
t
h
where p0 is equilibrium hole density, h is the recombination
time of holes, vh is the velocity of holes, and g共y , t兲 is the
EHP generation rate. The electric field is uniform in the intrinsic layer 共SiGe兲 and, so, the velocity vh is constant
throughout this layer for a particular bias. In addition, if the
layer is very thin, the field may be high enough even at low
reverse bias 共plus contact potential兲; so saturation velocity
may also be assumed. The expression for saturation velocity
of holes in Si1−xGex layer has been obtained knowing the
saturation velocity of holes in Si and Ge, and then using the
Vegard’s law 关similar to Eq. 共1兲兴. Some values of saturation
velocities in SiGe are given in Table I. In our computation,
we have used field dependent velocity for very low bias.
Photogeneration occurs in active regions 共here, QWs兲 only.
To indicate the generation rate in the rth QW, g共y , t兲 will be
replaced by gr共y , t兲.
Now, assuming low-level illumination and denoting the
current density due to moving holes by jhm, the rate equations for holes in the valence band can be written as,
dp/dt = jhm/q − 共␥ho + ␥rh兲p ,

共8兲

where ␥rh is the recombination rate for holes 共⬃1 / h兲 and p
represents the holes confined per unit area at the heterointerface. Similar equations can be written for electrons also.
Now, the continuity and rate equations 关as in Eqs. 共7兲 and
共8兲兴 can be solved under dc condition to get the emitted
carrier density. To solve Eq. 共7兲, we have considered the
position dependent generation rate due to the incident light
impulse. For the MQW photodetector structure shown in Fig.
2共a兲, the generation rate in the rth QW can be calculated as

Pi␣SiGe共1 − R1兲e−␣SiGeMdw关e␣SiGe兵L1+共r−1兲dB+Mdw−y其 + R2e−␣SiGe兵L1+共r−1兲dB+Mdw−y其兴
Ah关1 − 2冑R1R2e−␣SiGeMdw cos共2␤L + 1 + 2兲 + R1R2e−2␣SiGeMdw兴

␦共t兲,

共9兲
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where R1共R2兲 and 1共2兲 are the reflectivity and phase shift,
respectively, due to penetration of light at the front 共back兲
mirror, ␦共t兲 is the unit impulse 共light兲 function of time, L is
the length of the cavity, dB is the barrier thickness, L1 is the
distance of the nearest well from the front mirror, M is the
number of wells, and ␤ is the propagation constant. The
above equation shows that gr共y , t兲 passes through some
maxima when 2␤L + 1 + 2 = 2m 共m = 1 , 2 , 3 , . . . ,兲, other
parameters remaining unchanged. In the present analysis/
computation, the length of the cavity 共L兲 is so assumed that
this condition is satisfied.
The continuity equations are solved for each layer with
appropriate boundary conditions. The carrier distribution in a
layer depends on the carriers coming from the previous layer
after surviving loss at the intermediate heterointerfaces. After
a detailed calculation, the dc current densities due to photogenerated holes 共J p兲 and electrons 共Jn兲 in the structure can be
written, respectively, as
M

J p = F1 ⫻ 兺
r=1

−
+

−

冤

再
冎

e␣SiGe共M−r兲dw e␣SiGedw − 1
1
␣SiGe
− ␣SiGe
 hv h

e␣SiGedw共1 − e−dw/vhh兲
1/vhh

再

R2e−␣SiGe共M−r兲dw 1 − e−␣SiGedw
1
␣SiGe
+ ␣SiGe
v h h
e−␣SiGedw共1 − e−dw/vhh兲
1/vhh
r−1

+ 兺 e−共i−1兲dw/vhh
i=1

冦

冎

e␣SiGe共M−r+i兲dw共1 − e␣SiGedwe−dw/vhh兲
1
− ␣SiGe
v h h

冥

1 − e−dw/vhh
⫻ f rh
1/vhh

M

Jn = F1 ⫻ 兺
r=1

−

−

冤

e

1
+ ␣SiGe
 ev e

e

共1 − e−dw/vee兲
1/vee
e
兺
i=1

−共i−1兲dw/vee

冦

e

共e

−e

1
+ ␣SiGe
v e e

−dw/vee

.

共12兲
The summation signs in Eqs. 共10兲 and 共11兲 take into account
the effect of all QW layers. Terms with and without R2 appear due to the corresponding terms in the expression for
gr共y , t兲. The total current density 共J兲 is given by sum of the
hole and electron current densities and the responsivity can
be obtained using Eq. 共6兲.
Equations 共10兲 and 共11兲 show how the transit of carriers
in each layer and the confinement at each heterointerface
affect the current densities and, hence, the responsivity. An
approximate but simplified relation may be obtained with
certain assumptions. Assuming no recombination during
transit except at the heterointerfaces, a simplified but approximate relation for responsivity 共R0兲 may be obtained as
q
Mh
共1 − R1兲e−␣SiGeMdw

共1 − 2冑R1R2e−␣SiGeMdw cos关2␤L + 1 + 2兴 + R1R2e−2␣SiGeMd兲

兺

冋

−

共e␣SiGedw − 1兲 ␣ 共M−r兲d
w − R e −␣SiGe共 M−r+1兲dw其
兵e SiGe
2
␣SiGedw

册 冋
册

共e␣SiGedw − 1兲 ␣ 共M−r兲d
w
兵e SiGe
␣SiGedw

− R2e−␣SiGe共M−r+1兲dw其 − 共1 − R2兲 f eM−r+1 ,

共13兲

which, in the limit f e, f h → 1, converges to the expression for
responsivity of a photodetector in the absence of any
recombination.10
A spatial variation in optical field inside the cavity arises
from the standing wave formed by the two counter propagating waves. For a very thin active layer, the power absorbed
in the active region depends on its placement inside the cavity. This standing wave effect can be included by replacing
␣SiGe with the effective absorption coefficient, ␣SiGe,eff 共Ref.
10兲 in a simplified form as

再

␣SiGedw

关1 − 2冑R1R2e−␣SiGeMdw cos共2␤L + 1 + 2兲 + R1R2e−2␣SiGeMdw兴

+ 共e␣SiGedw − R2e−␣SiGedw兲 f rh +

␣SiGe

␣SiGe共M−r−i兲dw

共1 − R1兲e−␣SiGeMdw

i=1

−1

冎
冎

⫻

M

共1 − e−dw/vee兲
R2e−␣SiGe共M−r兲dw 1 − e−␣SiGedw
+
1/vee
1
␣SiGe
− ␣SiGe
v e e

M−r

+

再

␣SiGedw

共11兲

q␣SiGe Pi
Mdw Ah

F1 =

⫻

共10兲

␣SiGe共M−r兲dw

冥

1 − e−dw/vee
⫻ f eM−r+1
1/vee

where f h = ␥h0 / 共␥h0 + ␥rh兲 and f e = ␥e0 / 共␥e0 + ␥re兲, ␥re being
the recombination rate of electrons, and F1 is a factor given
by

⫻

冧

冧

R2e−␣SiGe共M−r−i兲dw −␣ d
共e SiGe w − e−dw/vee兲 ⫻ f ie
1
− ␣SiGe
v e e

⫻

R0 =

R2e−␣SiGe共M−r+i兲dw
+
共1 − e−␣SiGedwe−dw/vhh兲 ⫻ f ih
1
+ ␣SiGe
v h h
⫻

+

兲

冉

␣SiGe,eff = ␣SiGe ⫻ 1 ⫾

冊

sin ␤dw
,
␤dw

共14兲

where 共+兲 or 共⫺兲 sign corresponds to the maximum or minimum of the standing wave in the position of the active layer.
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In case of multiple QW RCE photodetector, the layers 共QWs兲
are distributed over a large thickness and the standing wave
effect is not that significant as in a single QW RCE photodetector. However, any minor modification in the effective

M

␣SiGe,eff = ␣SiGe ⫻

兺
r=1

冋

1+

absorption coefficient in a multiple layer structure can be
obtained taking the position average of optical field over the
whole absorption region. An approximate expression for the
effective absorption coefficient can be obtained as

sin ␤dw
cos 2␤兵共dB + dw兲共M − r + 1兲 − dB − dw/2 + L2其
␤dw
M

Depending on the cosine function on the right hand side of
the above equation, the term within the bracket in the numerator may vary from 共1 − sin ␤dw / ␤dw兲 to 共1
+ sin ␤dw / ␤dw兲. However, the averaging effect for large M
may result in almost no change in ␣SiGe caused by standing
wave effect.
III. RESULTS AND DISCUSSIONS

The values of important material parameters required for
calculation of responsivity are summarized in Table I for
quick reference. The absorption coefficients 共␣SiGe兲 are
shown for well thickness 共dw兲 of 20 nm. Its value for other
thicknesses can be derived following the discussion at the
end of Sec. II B. Besides, doping concentrations of both P
and N regions are taken to be 3 ⫻ 1024 m−3, recombination
rates for holes and electrons15 are taken as ⬃109 s−1, the i
layer is assumed to be purely intrinsic and the mirror reflectivities are taken as R1 = 0.49 and R2 = 0.99. For verification
of the model, the sample structure and experimental data are
taken from literature.16 The sample structure is that of a RCE
MQW photodetector with 20 共M兲 periods of alternate layers
of Si and SiGe. The thicknesses of Si and SiGe alloy are 20
nm 共dB兲 and 9.3 nm 共dw兲, respectively, and the Ge-content
共x兲 is 0.35. The responsivity at a fixed wavelength of
1.305 m is computed using Eq. 共6兲 and plotted as a function of reverse bias voltage in Fig. 3. A reasonably good
agreement of the model is found with the experimental data
given in the above reference.
Confinement of carriers and so, the responsivity depends
on the band discontinuity at the heterointerfaces, which in
turn depends on the Ge-content in the SiGe alloy. The responsivity of a RCE SiGe/Si MQW photodetector is plotted
as a function of Ge-content for five different wavelengths
共0.69, 0.85, 1.0, 1.3, and 1.55 m兲 in Fig. 4. In Fig. 4共a兲,
bias is taken to be 2 V. It can be seen from the figure that as
the Ge-content increases, the responsivity decreases for 
= 0.69 m, initially increases and then decreases for 
= 0.85 and 1.0 m showing appearance of peak, and increases for  = 1.3 and  = 1.55 m in the range of the Gecontent shown. The reasons for peaks may be given as follows. The initial rise in responsivity is due to the increase in
absorption coefficient 共␣SiGe兲 as Ge-content increases. However, if the Ge-content is made higher, the potential barrier at

册
.

共15兲

the heterointerface increases and, hence, the confinement
also increases resulting in the loss of carriers due to recombination. Thus, the responsivity decreases after reaching a
peak. Peaks may be seen for  = 1.3 and  = 1.55 m also if
Ge-content is increased further 共⬎0.6兲. However, we have
restricted our study for Ge-content⬍ 0.6 so that the analysis
is valid for a practical Si/SiGe structure having tolerable
strain due to lattice mismatch. The purpose of the present
study is primarily to study the responsivity of the detector for
long-haul communications. Our discussion will, henceforth,
be focused only on these two wavelengths, i.e., 1.3 and
1.55 m. The plot for a higher bias 共8 V兲 is shown in Fig.
4共b兲. It can be seen that the responsivity is enhanced as the
bias increases. The effect of bias on the responsivity is
shown in detail in the next figure.
In Fig. 5共a兲, the responsivity of a RCE SiGe/Si MQW
photodetector is plotted as a function of reverse bias for three
different well-numbers 共M兲 at 1.3 m wavelength. It can be
seen from the figure that the responsivity initially increases
as the bias increases and finally becomes constant at a high
bias. As the bias increases, the electric field increases, which
reduces the effective potential barrier 共e⬘vd兲 at the heterointerface, thereby decreasing the confinement of carriers. Thus,
the carrier loss by recombination at the heterointerface is
reduced, and the responsivity increases with bias ultimately

FIG. 3. 共Color online兲 Responsivity vs reverse bias voltage plot for model
verification. The experimental data taken from literature 共Ref. 16兲 are shown
by circles.
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FIG. 4. 共Color online兲 Responsivity of a RCE SiGe/Si MQW photodetector
as a function of Ge-content 共x兲, for five different values of  共0.69, 0.85, 1.0,
1.3, and 1.55 m兲, dw = 10 nm, dB = 20 nm, and number of wells 共M兲 = 30.
In 共a兲, bias= 2 V and in 共b兲, bias= 8 V.

reaching a constant value. The minimum bias at which the
responsivity becomes constant is, however, more for larger
M than that for smaller M. This is due to the increase in the
loss of the confined carriers by recombination as explained
next. First, for larger number of wells, the carriers have to
travel more number of heterointerfaces and, so, there is more
occurrence of confinement. Second, with the increase in the
number of wells, the effective field at a heterointerface due
to the applied bias decreases. So, the reduction of the effective potential barrier by the applied bias is now less thereby
causing more confinement of the carriers at the heterointerface. Thus, higher bias is required with larger M for the
responsivity to reach the constant value. Moreover, this constant responsivity is higher for larger number of wells 共M兲
because of the increase in the total thickness for photoabsorption. In Fig. 5共b兲, the plot is shown for wavelength
1.55 m. It is interesting to note here that for a certain range
of bias 共e.g., ⬃4 – 12 V for M = 20兲, there is no significant
change in responsivity. For the bias within that range or less,
the loss of holes by recombination due to confinement is so
high that there is no significant contribution of holes to the
total current in the photodetector. The current is now predominantly controlled by the electrons moving without any
confinement 共⌬Ec Ⰶ ⌬Ev兲 in this bias range. However, for
low enough bias, there may be confinement of electrons also
and then, the responsivity decreases as the bias decreases.
For high biases beyond plateau region, the responsivity in-

5
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10

15

20

25

Bias (V)

(b)
FIG. 5. 共Color online兲 Responsivity of a RCE SiGe/Si MQW photodetector
as a function of bias voltage with number of wells as parameter 共M
= 10, 20, 30兲 keeping dw fixed at 20 nm and dB at 30 nm; 共a兲  = 1.3 m,
Ge-content 0.35 and 共b兲  = 1.55 m, Ge-content 0.5.

creases with bias showing that the holes have started contributing to the total photocurrent because confinement of holes
at the heterointerface reduces with the increase in the bias.
The variation of responsivity with well thickness dw is
shown in Fig. 6 for three different well-numbers 共M
= 10, 20, 30兲 and for a fixed bias of 5 V. In Fig. 6共a兲, the plot
is shown for the wavelength of 1.3 m and in Fig. 6共b兲, it is
shown for 1.55 m. In general, the responsivity increases
with the increase in the well thickness 共dw兲 because the increase in dw results in the increased absorption and, hence,
the increased responsivity. However, high dw may reduce the
bandwidth of the device through the increase in the transit
time. It may be seen that the responsivity can be increased
using large number of wells 共M兲, but this benefit cannot be
obtained after a high M when the carrier confinement at the
heterointerfaces becomes significant thus reducing the bandwidth of the photodetector. For example, to give a relative
estimate of the bandwidth as a function of well numbers, we
use a crude approximation to see that while the bandwidth of
the MQW photodetector with 10 wells is 6.8 GHz, that with
20 wells is 1.4 GHz and that with 30 wells is 0.7 GHz assuming thickness of each well as 50 nm. It may be mentioned here that true estimation of bandwidth may be obtained from the detailed analysis on the frequency response
of this photodetector structure.
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FIG. 6. 共Color online兲 Variation of the responsivity of the photodetector as
a function of well thickness 共dw兲 with M as parameter at a fixed bias of 5 V
and dB = 100 nm. 共a兲  = 1.3 m, Ge-content 0.35 and 共b兲  = 1.55 m,
Ge-content 0.5.

The variation of responsivity of the photodetector with
number of wells for three different biases at 1.3 m is
shown in Fig. 7共a兲. The responsivity increases with the increase in the number of wells; the rate of increment, however, decreases as the number of wells increases. In general,
the responsivity increases with the number of wells mainly
due to the increased absorption. However for larger number
of wells, there are more heterointerfaces and, hence, the effect of confinement becomes significant causing loss of carriers as mentioned in an earlier paragraph. So, the rate of
increment of the responsivity decreases as the number of
wells increases. The dashed line shows the responsivity in
the absence of confinement at the interface. It may be seen
from the figure that the confinement can be reduced if the
bias is increased 共as mentioned before, Fig. 5兲. Similar plot
for 1.55 m wavelength is shown in Fig. 7共b兲. In this figure,
Ge-content is kept fixed at a high value 共0.5兲 to get appreciable responsivity at 1.55 m. It can be seen that the effect
of confinement in this case is highly significant even at a
large bias. This is because of the large discontinuity in the
valence band 共⌬Ev兲 for high Ge-content. The variation of
responsivity with M at large bias 共25 V兲 is explained as
follows. For small values of M, the linear increase 共following

FIG. 7. 共Color online兲 Dependence of responsivity on the number of wells
for three different biases in a RCE SiGe/Si MQW photodetector taking dw
= 20 nm and dB = 30 nm. 共a兲  = 1.3 m, Ge-content 0.35 and 共b兲 
= 1.55 m, Ge-content 0.5.

dashed line兲 in the responsivity is due to the increased absorption. For large M 共⬎5, for example兲, the carrier confinement at the heterointerface becomes significant. So, the increment in the responsivity gradually decreases with the
increase in M 共⬃5 – 20 region兲. As M increases further
共⬎20兲, the confinement of holes becomes high, so a large
number of holes are lost by recombination and there is negligible contribution of holes to the total photocurrent. This
causes a drop in the responsivity, which is now mainly controlled by the electrons moving with constant velocity 关constant electron drift region, Fig. 5共b兲兴. So, the responsivity
becomes the same at all biases and increases due to the increase in the number of photogenerated electrons with M.
IV. CONCLUSION

The effect of Ge-content on the responsivity of a RCE
SiGe/Si MQW photodetector has been investigated. The
analysis has been done considering the effects of the applied
bias and the subband positions in the well on the emission
rate of the confined carriers from the potential trap at SiGe/Si
heterointerfaces. The Ge-content dependent absorption coefficient and the recombination of the confined carriers at the
heterointerfaces play important roles in the design of the
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photodetector for high responsivity. It has been seen that by
suitably controlling the Ge-content and well thickness, the
responsivity can be enhanced. The responsivity can be increased by increasing the number of wells also, but the applied bias should be high enough to reduce the carrier confinement at the heterointerfaces. To obtain enhanced
responsivity at low bias, structures having small number of
wells with larger well thickness should be used.
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