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Abstract This paper aims to provide the performance characteristics of proposed, strain
balanced direct band gap multiple quantum wells (MQWs) hetero phototransistor (HPT)
made of SiGeSn/GeSn alloys grown on Si substrate which is compatible with recent
CMOS fabrication technology. This also presents a comprehensive comparison of this
proposed structure with the existing HPT structure made of indirect gap Ge/SiGe MQWs.
Alloys of Ge and Sn grown on Si platform shows about tenfold increase in absorption over
Ge at C and L-bands due to direct nature of band gap in GeSn. Initial work begins the
solution of continuity equation to solve the different terminal current densities and optical
gain of the multiple quantum well structure. Main analysis was concentrated on finding the
external quantum efficiency depending on the doping variations of emitter and base, base
width etc. Finally the photocurrent density variations are estimated for the structure and
compared with existing indirect band gap HPT. The calculated values for direct band gap
GeSn HPT device are found to be comparable with those for indirect band gap SiGe device
to flourish as a potential candidate of photo detectors for the present day telecommuni-
cation network.
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1 Introduction

Photonic devices using Si or group IV semiconductors on a Si platform are of immense
interest as the devices may be monolithically integrated with Si CMOS circuits. Unfor-
tunately however, it is difficult to realize such devices, in particular, light emitters and
modulators due to the indirect nature of the band gap (Deen and Basu 2012; Pavesi and
Lockwood 2004). In case of photodetectors also, the band gap of Si does not match the
standard telecommunication wavelengths of 1300 and 1550 nm. Though the band gap of
Ge is compatible, direct growth of Ge and its alloy, SiGe, on Si substrate results in several
problems due to a large degree of lattice mismatch.

The scenario has changed significantly with the development of the alloys of Ge and Si
with another gr. IV material Sn. A practical chemical vapour deposition technique (CVD)
has been developed recently (Bauer et al. 2002; D’Costa et al. 2006; Roucka et al. 2008;
Chizmeshy et al. 2006; Menendez and Kouvetakis 2004) that produces high quality GeSn
thin film directly on a Si substrate. By varying the composition of Sn, these alloys may be
lattice matched, strained or strain-balanced. A notable feature of the alloy or Ge is that the
direct I' valley of Ge and GeSn decreases rapidly with increasing tensile strain or
increasing Sn concentration than the indirect L valley and thus there is an indirect to direct
crossover. Direct gap type I heterostructures have been realized in tensile strained Ge using
GeSiSn barriers. The developed alloys and heterojunctions are now being studied for
application in lasers (Sun et al. 2010a, b; Chang and Chuang 2007; Zhu et al. 2010; Chang
et al. 2010), modulators (Chakraborty et al. 2013; Schaevitz et al. 2012; Chang and Chang
2012; Moontragoon et al. 2010) and photodetectors.

There is growing interest to utilize the direct nature of the band gap of GeSn alloy for
fabrication of photodetectors also. So far p-i-n detectors (Oehme et al. 2012; Moontragoon
et al. 2010) and photoconductive detectors (D’Costa et al. 2009; Su et al. 2011) are already
reported by workers using large absorption coefficient of direct-gap GeSn alloys.

There is an attractive alternative to the p-i-n detectors and APDs in the form of
Heterojunction Bipolar Phototransistors (HPTs). HPTs in three terminal configuration,
provides internal gain but without any excess noise, which is a detrimental effect in APDs.
A number of workers in past and recent times have studied the performance of HPTs (Scott
and Fetterman 1995; Frimel and Roenker 1997a, b; Tan et al. 2005; Khan et al. 2011; Park
and Jang 2010). However, most of the research has been performed with III-V compounds
and alloys. In connection with gr. IV materials, there is a report by Zhang et al. (2008) on
the numerical analysis of an HPT in which ten periods of Ge/Sip 4Geg ¢ multiple Quantum
Wells (MQWs) grown on a virtual SiGe substrate.

In view of the direct nature of GeSn alloy, it seems worthwhile to undertake detailed
investigation of the use of GeSn and other alloys in HPT structures. In our previous work
(Basu et al. 2013, 2014a, b) we have studied and calculated values of current gain, optical
gain, spectral response and signal-to-noise ratio for GeSn based HPT devices and made
comparison with the InP-InGaAs-InP HPTs and found that the GeSn-based HPTs can
compete with InGaAs-based devices. This encourages us to study other configurations of
GeSn based HPTs.

In this present work, we have considered a similar structure proposed by Zhang et al.
(2008), but using a direct gap GeSn/Si GeSn type I MQWs, instead of the indirect gap Ge/
SiGe MQWs considered by Zhang et al. Our structure considers a strain-balanced system
in conformity with the structure considered by Chang et al. (2010) for the study of laser
action. Strain relaxed buffers (SRB) act as “Virtual Substrates” (VS) on which the whole
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material is grown. These SRB platforms can either support strained or relaxed layers, but
should be relaxed so as not to generate crystal imperfections in the over layer during
subsequent growth or processing. In our present model, the layers of HPT are grown on the
GeSn virtual substrate and all the layers are considered as strain-free. Our analysis follows
basically the theory developed by Zhang et al. (2008), but uses the material parameters
appropriate for GeSn alloy. The absorption coefficient is calculated by using standard
expression involving the momentum matrix element. We have compared our calculated
values of photocurrent, current gain and quantum efficiency with the results obtained by
Zhang et al. (2008) and has found significant improvement with respect to all
characteristics.

Our structure is described in Sect. 2; the expressions used in our work, which are
essentially developed by Zhang et al. (2008), are given in Sect. 3. The results are given in
Sect. 4, describing their features; this section attempts to make a comparison between our
results and the values obtained by Zhang et al. (2008). The conclusions are given in
Sect. 5.

2 Structure

The structure considered in our present work is shown in Fig. 1 which is almost similar to
the strain balanced structure referred in Chang et al. (2010). There is also a schematic band
structure of the entire detector with carriers’ movement shown in Fig. 1. A fully strain-
relaxed Geg ggSng 1, buffer layer of lattice constant 5.7571 Ais grown on a (001)-oriented
Si of 5.4307 A substrate to act as virtual substrate for the growth of all layers. Then an
n-type Sig0sGep 785N, 14 layer of 5.7556 Ais grown on it and it acts as a collector. A ten
periods of Geg gsSng 16/Sig.00Gep.sSng 11 MQW (well is of 5.7904 A and barrier is of
5.7284 ;A) is grown on the collector contact. The lattice constant of the Gej g4Sng 16 Wells
is larger than that of that of the Gej ggSng 1, buffer layer, includes a compressive strain in
Geg gsSng 1, wells. On the other hand, the Sipg9Geg gSng ;1 barriers have a smaller lattice
constant than Ge ggSng 1, buffer layer. So, tensile strain is generated which compensates
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Fig. 1 Schematic band structure of the entire MQW HPT with carriers’ movement
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the compressive strain generated at wells as the both type of strains are of equal amount.
The design of such alternating compressive-strained wells and tensile-strained barriers
satisfy the strain balanced condition which in turns reduces the defects. A p-type base
region is grown on it with Sig 04Geg g3Sng 13 of 5.7564 A. The emitter terminal is formed
by a n-type Sig0sGep 78Sng.14 of 5.7556 A which has a bandgap (0.5076 eV) greater than
the bandgap of the material used for the base (0.4859 eV). As the bandgap of the emitter is
higher than the bandgap of the base the structure becomes type I. Since Geg ggSng 1, buffer
layer is fully strain-relaxed, the lattice constants of the layers grown on it will be either
compressed or extended equally. In this model structure a thick absorption layer is modeled
by considering GeSn/SiGeSn MQW structure. This MQW absorption layer increases the
light absorption significantly.

The biasing of HPT is same as of conventional n-p-n transistor. Here it is considered
that the incident light passes through the wide-gap emitter and mainly absorbed by MQW
absorption layer to generate electron—hole pairs. Electrons are swept to the collector
because of reverse bias generating the initial photocurrent of HPT. Hole diffusion is
occurred to the emitter base region. A large potential barrier exists in valence band
between emitter and base junction which results an accumulation of hole. If the forward
bias is increased, large amount of electron current flows from emitter to collector. The
photocurrent at collector is significantly enhanced and higher external quantum efficiency
can be obtained by this process.

3 Theory

We followed the analysis based on the method of Zhang et al. (2008) where a SiGe n-p-n
HPT with MQWs is considered neglecting the effects of tunneling and minority carrier
recombination. In our present work we have considered a N-p-N HPT model with GeSn/
SiGeSn MQW absorption region.

Most of the parameters for binary and ternary alloy materials like lattice constants etc.
are estimated using linear interpolation technique, as,

Asi,Ge,Sm_,_, = X X G5 +Y X age + (1 —x — y)as, (1)
AGe.Sn,_, = Z2-AGe + (1 - Z)‘aSn (2)

In our model we have considered the light, having wavelength of 1.55 pm and of 1 pyW
power is incident on the top of the structure. Now solving the one dimensional diffusion
equation for emitter region (Sun et al. 2010),

- tg=0 (3)
E

where App is the excess hole concentration in the emitter, D, is hole diffusion coefficient
and I'g is the hole minority carrier lifetime in the emitter.
Since the structure is front side illuminated so, the generation rate of hole caused by the
optical incidence at emitter can be expressed as,
8k = ngopFoexp(—ogx) (4)

where o is the optical absorption coefficient in the emitter, # is internal quantum effi-
ciency and F) is the incident optical flux density at the surface of the emitter which can be
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expressed as, Fy = where, Py is optical power, A is area of the emitter and /v is the
photon energy.

Finally the current density due to hole diffusion can be expressed as (Zhang et al. 2008),

Ahv’

dA

Joe = qDg df Elew, = GEF0+JO,,E{exp(" BEy 1} (5)

where,

ogLg & 1 sgLg
Gr = [ s L = W, L —_— 6
E anl_a%L%{<aE E+f1) exp(—ogWg) — . oplg + Dr (6)
and
Dgé,
I 7
OpE = qLEfl PE ( )
Wg | seLg i Wg

_ h h—= 8
& = cos + Dy sin L (8)

Similarly steady state excess electron concentration profile can be obtained for base
region again by solving the diffusion equation for base region. The generation rate of
electron induced by optical excitation at base would be,

gs = NpopFoexp(—agWg) exp(—apx) 9)

The electron current density at the emitter end of the quasi-neutral base is (Zhang et al.
2008),

dA V W,
Juge = —qDp—— nB |x 0 = GpFfu,, + Jong{ {exp <q BE) - 1} coshL—B + 1} (10)
B

kT
where,
G = q 1 ngapLpexp(—ogWg) (11)
sinh (VLV—:) 1 — ozl
W, W,
Juge = cosh (—B> — oLy sinh—2 — exp(—opWp) (12)
. Lg Lg
and

Dg 1

——————np (13)
L sinh(‘zl—:)

JO"B =4q

Similarly, the current density at the collector end of the quasi neutral base is given by
(Zhang et al. 2008),
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qVsE Wpg
Jnsc - J()ng{exp< kT ) -1+ COSh(L_B>} - GBF(lf;lgc (14)
where,
W W,
Juse =1 — 4 cosh ) + agLp sinh—= exp(—opWpg) (15)
LB LB

As the base region of HPT is highly doped the total depletion region of HPT induced by
the collector—base bias includes absorption region and collector depletion region. The
expression of the photocurrent is given by,

Japi = FoGapi (16)
The hole density at the collector region can be expressed as
Jpe = Jpco + GcFo (17)
where

NeoteLe
1 —o2L?

)(2 1 ( Sch)
= —oacLlc+— | oacLc — exp(—ocWe
[7 11 Dc ( )

(1
We\ | scle . (Wc
y1 = cosh <E> + Do sinh (E)

. Wc scLc Wc
1, = sinh (=€) + h( <
Ya = sin (LC> Do O (Lc>

It is seen in our model that five photocurrent components flow into the base region,
Jage + Jog from emitter junction, Jgp from depletion region and J,gc + J,c from the
collector junction. The total current density must be constant; so we can write

Jpe 4 Jnpe + Jupc + Jagpr +Jpc = 0 (20)

G.=q {exp(—agWg — agWp — a;W; — acWpe)}

(18)

(19)

In order to analyze the performance of the HPT the relation between the current gain
and external quantum efficiency is calculated.

The final expression for the common emitter current gain is obtained as (Zhang et al.
2008),

o Y
ﬁ - | I - Wg (21)
1+ “/[cosh(a) - 1]
where,
o _ (2
p= = (22)
JOpE  sinh (&)
Ly
and
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m*
D,p L,g N, 1B, AE
Yo = 2 P2 — exp< g) (23)
DpELnBNB mnEmpE kBT

The external quantum efficiency is related with current gain with B by the following
expression (Zhang et al. 2008),

W, 4 W,
Nex = g {GE + Gp |anBE — fapc cosh (LT:)} + Ggpi cosh <i) + G¢cosh (L—B>

Lp B

P (24)
+ " (Gap + Gc — Gaanc)}

Now in order to analyze the performance of HPT specified in our model, we have
calculated different dependencies like band gap, absorption coefficient, mobility of the
carriers.

The method used for calculating the band edges and band offsets in different materials
is based on the model solid theory developed by Van de Walle (31, 32), which has been
used by Menendez et al. (2004) In this approach bandgaps, lattice constant, strain and other
parameters of constituent materials are used by estimating through linear interpolation
technique where bowing parameters are include during calculation. The following
expressions for the band edges of strained active layer are obtained as (Menendez and
Kouvetakis 2004),

E,r(actvelayer)= —M —AE, ,,(substrate) —w—i— 5E2 +;‘5E001
+ % \/ (Ao(active layer) +%5E001 ) 2+2(5E601 )2
(25)
E,r(active layer) = E,(active layer) + Eq(active layer) + JE;" (26)
E.(active layer) = E,r(active layer) + E;,4(active layer) + 5EZL (27)

The absorption coefficient for direct transition as a function of photon energy ho can be
written as (Tan et al. 2005),

Fem)” (o~ E)"”

2megcn mEh? hw

(Ipl) (28)

a(hw) =
where q is the electronic charge, m, is reduced mass and it is expressed as m; '=-
mg ' my v m, is effective mass for electrons, my, is effective mass for holes, n is
refractive index, &y is permittivity of free space, c is velocity of light in free space, my is
free electron rest mass, h is Plank’s constant and Eg is the bandgap energy.
<IP.,/>> ia the average of the squared momentum matrix element for transitions
between Bloch states in the valance and conduction bands. We use the expression for
<IPCVI2> for unpolarized light, which isdefined as,
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m(z)E(Eg + A)

(%)) = 3me(E, + 2A/3) (29)

To calculate all parameters here we also considered the composition of each material
using Vegard’s Law. By using the equation of absorption co-efficient we obtain a plot
about the nature of absorption co-efficient with changing the photon energy hw. The
estimation of the absorption coefficient is different for the MQW absorption layer as it
includes the multiple no. of quantum wells (Khan et al. 2011). The optical absorption
coefficient is given by,

2
a(ho) = 25 (20) S sl ~ £)3(Ere ) (30)
12
where,
P12 = <l|exp(—ik;_r).8;y.p|2> (31)

and f; and f, are the Fermi occupational probabilities for electrons in the respective states.
The analytical values of motilities for electrons and holes of Si;_ Ge, are obtained from
Zhang et al. (2008) and mobility for GeSn and SiGeSn are calculated by the help of linear
interpolation method. The responsivity of the photo detector has been calculated using the
relation (32)
qA

R= r]ex% (32)
where 1, is the quantum efficiency of the detector of given wavelength A, q is the
electronic charge, h is the Plank’s constant, and c is the velocity of light in vacuum.
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Fig. 2 External quantum efficiency and current gain variation with emitter width (Wg)
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4 Results and discussion

The current gain and external quantum efficiency are calculated with different emitter
widths for a fixed value of the emitter doping Ng = 1 x 10'® cm™. The values are plotted
in Fig. 2 in which the data obtained by Zhang et al. (2008) are also included for com-
parison. Our simulation results could not be compared with experimental data as these are
unavailable. It is hoped that the results presented in this work will stimulate experimental
studies to verify the results and the use the proposed structure for real life applications.

It is observed that the current gain increases slightly with increasing emitter width and
that in turn increases the external quantum efficiency (QE). The increasing trend however
is not significant in the logarithmic scale. The curves indicate that both the current gain and
the quantum efficiency increase manifold in our structure from the respective values given
by Zhang et al. (2008).

The effect of increment in emitter doping on current gain and QE is displayed in Fig. 3.
With increasing emitter doping concentration (Ng), the injection efficiency increases which
it turn increases the current gain as well as the external quantum efficiency. Both these
quantities increase by few orders of magnitude in proposed GeSn device in comparison to
the values given by Zhang et al. (2008) in SiGe HPT.

Base doping (Ng) and base width (Wg) also have an impact on HPT’s performance as
may be seen from the plots in Figs. 4 and 5 respectively. For a fixed base width, increasing
base doping reduces the minority carrier life time and diffusion length, which results in
decreasing current gain and the quantum efficiency as well. But highly doped base of the
HPT provides a low base spreading resistance which increases the emitter base injection
efficiency. This effect compensates the reducing effect of current gain and external effi-
ciency. This phenomenon is considered as a major advantage of HPT. The decreasing
nature of current gain and quantum efficiency with compared data are shown in Fig. 4.

From Eq. (19) it can be seen that the current gain is inversely proportional with base
width where the base doping is kept fixed. This effect is plotted in Fig. 5. The quantum
efficiency follows the similar nature of variation of current gain.

Photo current density in variation with base width and emitter widths are plotted in
Figs. 6 and 7, respectively. The photocurrent density evolved due to diffusion of
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Fig. 3 External quantum efficiency and current gain variation with emitter doping concentration (Ng)
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Fig. 5 External quantum efficiency and current gain variation with base width (Wpg)

equilibrium holes in the emitter region (Jop.) and base region (Jop,) and the total pho-
tocurrent density (Jgp) are included in the both the figures where the total photocurrent
density includes the optical absorption in the depletion and collector regions. As the
telecommunication range is taken as from 1300 nm to 1500 nm, the responsivity is cal-
culated using the relation (32) and plotted with the variation of wavelength within this
range. The results are plotted at Fig. 8. The result shows a decreasing effect. So, it can be
concluded that device can be better operated at near infrared region.

An important Figure-of-merit of a photoreceiver is the Signal-to-ratio. We could not
address this issue in the present work, as inclusion of the theory and method of calculation
involved will shift the focus of the present paper to a widely different spot. In this
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connection, it may be noted that SNR for a similar HPT as considered in the present work,
but using a bulk GeSn in the base instead of the MQW has been calculated and reported in
Basu et al. (2013). The calculated SNR has been found to increases with increasing input
signal power. SNR value as large as 30 dB is obtained at 10 GHz with 0.1 pW and 50 GHz
with 1.0-uW of the input power. Since gain increases by inserting MQWSs in the base it
may be expected that there may be a substantial increase in the SNR.
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5 Conclusion

We have studied the performance of a N-SiGeSn/P-SiGeSn/N-SiGeSn HPT on a GeSn
virtual substrate grown on Si. There are ten GeSn/SiGeSn types I MQWs in which the
GeSn wells show direct band gap nature. The calculated values of current gain and
quantum efficiency are order of magnitudes higher than the reported values for a similar
strain balanced structure using Ge/SiGe MQWs, which increament perhaps, is due to the
direct nature of the band gap of GeSn alloys. The highly improved performance of our HPT
over the detector proposed by Zhang et al. (2008) is due to significantly larger absorption
coefficient in GeSn QW possessing direct band gap. The dependence of current gain and
QE on emitter and base doping and emitter and base widths are also studied. The results
indicate that the present structure may be suitable as a photodetector operating in the
1550 nm range of fiber optic communication system. Appreciable values of the SNR in the
photoreciever using the present structure are expected. Similar work involved forms the
subject of a separate paper, which will be published in near future.

The structure has the added advantage that it can be grown on Si and the process
technology is compatible with the standard CMOS technology.
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