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Based on the transport equation of the semiconductor device model for 0.524 eV GeSn alloy and the experimental pa-
rameters of the material, the thermal—electricity conversion performance governed by a GeSn diode has been systematically
studied in its normal and inverted structures. For the normal p™/n (n™/p) structure, it is demonstrated here that an optimal
base doping Ny(,) = 3(7) x 10'® cm™3 is observed, and the superior p*/n structure can achieve a higher performance. To
reduce material consumption, an economical active layer can comprise a 100 nm—300 nm emitter and a 3 pm—6 pwm base
to attain comparable performance to that for the optimal configuration. Our results offer many useful guidelines for the

fabrication of economical GeSn thermophotovoltaic devices.

Keywords: GeSn, thermophotovoltaic device, active layer, photovoltaic cell

PACS: 88.40.fc, 84.60.Rb, 02.60.—x, 78.40.Fy

1. Introduction

Over the past few decades, thermophotovoltaics
(TPVs)I'-0 have received increasing interest due to their
excellent characteristics such as high energy conversion ef-
ficiency, superior output power, compactness, etc. The need
exists with TPV cells to increase their efficiency with narrow
band gap (0.5 eV-0.7 eV)!"! engineered materials compati-
ble with economical substrates. Compared with conventional
TPV materials, GeSn provides a tunable narrow band gap
(0.5 eV-0.66 eV) by controlling the Sn content in direct-
transition semiconductors with increasing Sn concentration,
higher carrier mobility and epitaxial fabrication for large-scale
Si processes.[®! Therefore, these advantages of GeSn suggest
the potential application of GeSn in TPV devices.

However, epitaxial growth of GeSn crystals is very chal-
lenging because of the huge lattice mismatch between Ge
and a-Sn (14.7%), the surface segregation of Sn in Ge!”!
and the extremely low equilibrium solubility of Sn in Ge
(~ 1%).1"91 Recently, many research groups have successfully
fabricated high-quality GeSn epitaxial films!!'!~13] and GeSn

[14.15] byt photovoltaic research on GeSn is still

photodetectors,
in its initial stage. Conley et al.!3'% have manufactured high-
quality GeSn films on Si using a relaxed Ge buffer layer, which
can be used in high-efficiency multi-junction PV and TPV
cells. The relaxation of strain in GeSn alloys with a higher Sn
content (12%) has been investigated by Kondratenko et al.,!'”]
with promising results for GeSn PV cell applications. Up to
now, there have been few investigations into GeSn TPVs. It is

thus urgent to study GeSn for TPV applications both theoreti-
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cally and experimentally.

In this paper, based on the transport equation for semi-
conductor devices, we focus on studying the dependence of
thermal radiation conversion performance on the active layer
and black-body temperature using a 0.524 eV GeSn TPV cell
as an ideal diode. Four concrete configurations, p—on—n and
n—on—p stacks in normal and inverted form, were investigated
and compared. The results of this work can offer many prof-
itable guidelines for the development of related TPV cells.

2. Model and simulation

A previous report!!8] stated that direct band gap GeSn
(0.524 eV) with a Sn content of 10% has been fabricated; we
use this as our study material. Four GeSn single-junction TPV
cells with p*/n, n™/p, p/n™, and n/p™ structures, respectively,
were studied. For each structure, an ideal diode was extracted
from its practical condition as the device active layer. The ef-
fects of surface photonic reflection loss, front electrode shad-
owing and parasitic resistance on cell performance have been
neglected in this work. On the basis of the classical photo-
voltaic cell model, ! the current density (J)—voltage (V) char-
acteristics are given as

J=Js—Jolexp(qV /kgT) — 1], (1)

where ¢, T, and kg denote the elementary charge, cell temper-
ature and Boltzmann constant, respectively. Js. can be derived
as

xlm
Jyo = / g6 (A) OE (A)dA, @
0
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where A and A, are the incident wavelength and cutting wave-
length, respectively. ¢ (1) is the irradiation spectrum of inci-
dent light and QF (1) is the internal quantum efficiency, which
can be found in the classical text of Sze and Mattis.!"”] ¢ (1)
is described in terms of Plank-like black-body irradiation as

¢ (L) =21cA* [exp (he/AksTas) — 1], 3)

where £ is the Plank constant, c is the speed of light and Tgp
is the radiator temperature, which provides thermal radiation
energy to be converted into electricity by the TPV cell. The
optical absorption model of direct band gap materials is as

follows:[20]

1) 2 (2m, )/

2
ney (cmo)*h3 (hv_Eg)l/ (1P|, 4)

where n is the refractive index, &j is the vacuum permittivity
constant, v is the photonic frequency and my is the electron
rest mass. The conversion mass m, can be derived from the
electron effective mass m and the hole effective mass m;} as
()™ = (mg)™" ()~
and (|P.y|?) can be determined as

. P., is the optical transition matrix,

2m2E, (Eq + A
<|Pcv‘2>_ 0 g( g )

 3m; (Eg+24/3)’ ©)

where A and E,, respectively, are the spin—orbit splitting en-
ergy and the band gap.

Taking the p—on—n configuration as an example, and as-
suming fully ionized doping, device Jy can be derived from the
specific active layer as

. SpLe
h(We/Le) + m—— =
) qnizDe sinh (Wg/ e)—’—Decosh(WE/Le)
O =
L SeLe
h(We/Le) + 5w T
cos. ( E/ e)+Desinh(WE/Le)
‘ SgLn
sinh (W /Ln) + -~ ———~
42Ds (Ws/Ln) Dy cosh (W /Ly) (6)
NaLy cosh(WB/Lh)+¢ |
Dy, sinh (Wg /L)

where n; is the intrinsic carrier concentration of the host ma-
terial, N, q is the acceptor/donor concentration in the p/n-type
layer and L(D), /h is the minority electron (e)/hole (h) diffusion
length (coefficient) in the p/n-type layer, Wgp is the thickness
of the quasi-neutral region of the diode emitter/base and Sg/g
is the surface recombination rate at the front/back surface.

Following the Einstein relationship, D, can be ex-
pressed in terms of the electron/hole minority carrier mobility
Me/n s Dejn = kptemT /q, and U, /h can be determined from
the empirical Caughey—Thomas model®!'! as

HMmaxe/h — Hmin,e/h

N Oe/h
14+ |:d/a]
Nref,e/h

/“le/h (Nd/d) = umin,e/h + @)

where Unin e/n / Mmax e /h denotes the value of electron/hole mi-
nority carrier mobility at the exceedingly low (high) doping
density, @, is the suggested fitting parameter and Niefe/n
represents the doping concentration at which the mobility is
decreased to half the value it reaches for low doping at room
temperature. L, in Eq. (6) is given as

Le/h =/ De/hfe/h- 3

Considering radiation recombination, trap-assisted recombi-
nation (the Shockley—Read—Hall mechanism) and Auger re-
combination, the minority carrier lifetime 7., can be ex-
pressed as

1/%Te/n = BoptNaja + 1/ TsrH.e/n + ANf/m ©

where Bopt, TsrHe/n. @and A are the radiation recombination
coefficient, trap-assisted recombination lifetime and Auger re-
combination coefficient, respectively.

Therefore, after obtaining the J-V characteristics of the
photovoltaic device and combining it with the total power
oTgy, where o is the Stefan-Boltzmann constant, 1) for the
TPV cell can be obtained. Table 1 shows the simulation pa-
rameters derived from experimental data used in this work.

Table 1. Some model parameters used in simulation.

Parameter Value Reference

n; 5.23x 10" cm™3 [22]

Bopt 6.41 x 1071* cm?.s~! [23]

A 1.1x 1073 cm6.s~! [24]

TSRH,e/h 2 us [25]
Umax.e/ Bmax.h 3895/2505 cm?-V—1.§7! [26,27]
Humin,e / Himin 641/175 cm?-v—1.§~! [26,27]
Nref.e/Neetn 6.33/9.33 x 1016 cm ™3 [26,27]
O/ Oty 1.04/0.9 [26,27]

mg 0.98my [28]

my; 0.49my [28]

A 0.35eV [29]

Sk/Sp 103 cm-s~! [30]

3. Results and discussion

Generally, the specific structure of a diode active layer
can be constructed in the p—on—n or n—on—p configuration. De-
pending on the highly doped layer in the front (emitter) or rear
(base) layer of diode, a normal or inverted structure can be
further obtained for each configuration. To reveal the electric-
ity generation controlled by the active layer, taking the dop-
ing profile at 10'° (10'7) cm~3 for the highly (lightly) doped
layer, we have systematically researched the thickness evolu-
tion of the active layer on power conversion efficiency with a
Tsp of 1500 K. The calculated results for the p-on—n configu-
ration are shown in Fig. 1. It can be observed in Fig. 1(a) that
with increasing thickness of the emitter, 17 demonstrates only
a slight improvement initially and then a rapid decline. As
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the base thickness increases, 7 increases rapidly then slowly.
As described in Fig. 1(b), when the base thickness is 15 pm,
the emitter increases to 0.09 um, which gives the maximum
conversion efficiency. Meanwhile, figure 1(c) shows that with
increasing thickness of the base, 1 is enhanced from steeply
increasing to flat and then increases to saturation; when the
base is 5.4 um thick a suboptimum 1 of 5.17% is obtained.
We found that the cell showed higher efficiency with a thinner
emitter and a thicker base, because the emitter plays a ma-
jor role in the conversion efficiency. The emitter region can
easily absorb high-energy photons and has a very small pen-
etration depth, while the base region can more easily absorb
long-wavelength photons and has a larger penetration depth.
Moreover, the smaller thickness of the optimal emitter can be
ascribed to a shorter minority carrier diffusion length due to
the higher doping concentration in the emitter region. More
significantly, in contrast to the optimum structure, the employ-
ment of quite a few suboptimal configurations is not remark-
ably degrading. From the viewpoint of designing an economi-

(a) p*/n

6.16
5.57
6 4.98
4.40
3.81
_ 4 3.22
g 2.63
% 2.04
c 2 1.46
i 0.87
0.28
63{}(2( ; X
e v So %
o, oS
3 3
= =
1 1 1 1 1 0 1 1
0 1 2 3 0 5 10 15
Emitter (pm) Base (pm)

n (%)

cal structure using fewer materials, a suboptimal structure can
be a better choice.

In comparison with p*/n, the results for the p/n* config-
uration are different, as shown in Fig. 1(d). As the emitter
thickness increases, 11 improves initially and then decreases,
and with increasing base thickness, 1 displays an initial rapid
enhancement and then tends to be stable. Specifically, as can
be seen in Fig. 1(e), the critical emitter thickness is 0.54 pm.
Figure 1(f) shows that the base thickness with a tendency to in-
crease to saturation is approximately 3.6 pm, and this presents
a suboptimum 7 of 4.24%. In contrast to the optimal normal
configuration, the entire cell thickness is reduced. Thus, the
degradation of the absorption spectrum results in a decrease
of n. For the inverted case, there is an increase in the opti-
mum emitter thickness compared with the normal configura-
tion. Physically, when reducing the doping profile of a device
emitter, enlargement of the minority diffusion length L. re-
quires a thicker emitter.

(d) p/n*

CoHEENNWWWRA
MO OO UOW
WXHOHOOOOBOOD

2.0 1 1 1 1
4 6 8

3.7 1 1 1
0 10

Emitter (pm) Base (pm)

Fig. 1. Efficiency versus active layer thickness for p*/n (a) and p/n™ (d) configurations. For p*/n and p/n* structures, the base thickness respectively is
15 pm (b) and 10 um (e), N versus the emitter thickness; the emitter thickness respectively is 0.09 um (c) and 0.54 pm (f), n versus the base thickness.

The n—on—p configuration as a function of active thick-
ness is schematically described in Fig. 2. The dependence of
7 on the active layer thickness for the n™/p device is shown in
Fig. 2(a). With increasing emitter thickness, a peak value of
1 is observed, and as the base thickness increases, 1 displays

an initial rapid increase and then tends to saturation, which is

consistent with the normal p*/n structure. It can be observed
in Fig. 2(b) that when the base thickness is 12 um, a criti-
cal emitter thickness of 0.024 pum is observed, which gives
the maximum value of 7). Figure 2(c) shows that when the
base thickness increases to about 3.48 pum, a suboptimal 1

of 4.59% is achieved. The results can be understood as fol-
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lows: since U in the p-type emitter is smaller than py, in the
n-type base, promoting the collection of minority electrons in
the front layer, the resulting small L. requires a thinner emitter.
To compensate for the absorption loss caused by the thinner
emitter, the base thickness should be appropriately enlarged
for better spectral utilization. Compared with the n™/p con-
figuration, the results for the n/p™ structure are diverse. As
depicted in Fig. 2(d), with increasing emitter thickness, an ini-
tial increase and then a reduction in 17 was observed. To be
specific, 1 is plotted as a function of the emitter thickness in
Fig. 2(e), where the optimum emitter thickness is 0.39 um,
and as shown in Fig. 2(f) the base thickness tends to increase

COEEINWW A OIS
OO WL U=~ O T
PO OWE RSO

5.75

5.70

5.65

n (%)
n (%)

5.60

5.55

5.50 0.2 0 3 6 9 12

0 0.1

Emitter (pm) Base (pm)

to saturation at approximately 2.48 pum, giving a suboptimal 1
of 4.04%.

In contrast to Figs. 1 and 2, we can see that the output per-
formance of the inverted configuration is inferior to the normal
one, and the p™/n structure shows an optimal conversion effi-
ciency. Physically, for the p*/n construction, a higher minority
carrier (electrons) mobility in the highly doped emitter makes
it easier to collect photogenerated charge carriers. In the nor-
mal p*/n construction, a reasonable active layer can be com-
posed of a 100 nm—300 nm emitter and a 3 um—6 wm base.
These results for the configuration and active layer thickness
can give useful guidelines for the GeSn TPV cell experiment.

(d) n/p*

COEEHINWWWRA
B O 1= €0 Lo~ = o o
POOORROWEEGS

4.35

. 4.30 ~
S S
I I
4.25 §
4.20

0 0.2 04 06 0.8
Emitter (pm)

Base (pm)

Fig. 2. Active layer thickness-dependent efficiency for n*/p (a) and n/p™ (d) structures. For n*/p and n/p™ configurations, the base thickness is 12 um (b) and
8 um (e), respectively, the emitter thickness-dependent 1; the emitter thickness is 0.024 pm (c) and 0.39 pum (f), respectively, the base thickness-dependent 7).

To further reveal the doping versus cell output charac-
teristic, we can tune Ny(,) in the lightly doped layer of the
optimal configuration. The evolution of Jy and Js with dop-
ing level is schematically displayed in Fig. 3. As shown in
Fig. 3(a), with increasing doping, Jo presents an initial dra-
matic reduction and then tends to saturation. The degradation
of Jy can be attributed to the inverse relationship between the
doping concentration and Jy (as shown in Eq. (6)). As can be
seen from Fig. 3(b), Ji for the p™/n (n*/p) configuration de-
creases from 14.53 (14.47) A-cm™2 for Nya) = 1% 107 em—3
to 13.72 (14.09) A-cm~2 for Ny(a) =9 X 10'8 cm™3. In the
same doping range, Js. for the inverted structure decreases
from 13.83 (14.01) A-cm™2 with Ny(,) of 1 x 10'7 em™ to
13.07 (12.81) A-cm™2 with Ny(,) of 9 x 108 cm™ for the p/n™

(n/p™) configuration. The weak degradation for each structure
can be ascribed to the reduction of 7/, due to the increased
doping. Thus, a reasonable doping level would improve TPV
electricity generation.

Meanwhile, the corresponding characteristics of V., fill
factor (FF), and 1 as a function of the doping profile in the
lightly doped layer for the optimum construction are evaluated
in Fig. 4. Figure 4(a) shows that V,. improves initially and
then tends to be stable with increased doping. Specifically,
Voc for the p™/n structure can be increased from 0.19 V for
Ng=1x107 em=3t00.27 V for Ng = 6 x 10'® cm=3 and then
slightly diminishes, while V,. (=~ 0.26 V) for the n*/p config-
uration manifests extreme enhancement in the initial stage and

then saturates at a higher doping level. As shown in Fig. 4(b),
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with variation in doping level, FF is highly consistent with
the observed V.. Consequently, i shows a distinct augmen-
tation accompanying the upgraded doping in Fig. 4(c). For
the p™/n (n*/p) construction, 1 displays an initial observable
improvement when doping in the base region increases from
1x 10" ecm™3 to 3 (7) x 10'® cm =3, for which a maximum 7
can be observed. A further increase in doping induces a slight
reduction in 1. These results are similar to the literature results
for the 0.53 eV GalnAsSb TPV diode described by Wang and
Lou.*! For the p/n* (n/p™) construction, i slowly improves
from 4.28% (4.34%) with Ny, = 1 % 10'7 cm™ to 8.62%
(8.49%) with Ny, =9 X 10'® cm™3. Under the same doping
profile, the conversion efficiency of the normal construction is
higher than that of the inverted one, which can be attributed
to sufficient utilization of the spectrum due to the improved

active layer thickness in the normal structure. Hence, with in-
creasing doping, the enhancement of 1 is dominated by the
increasing Vo.

400
14.4
§ 800 T 14.0
; o
< <
: 200 < 136
S S
< 100 T, 132
~ ~’
0 128 T
0 40 80 0 40 80

Na/a (1017 cm™3) Nyso (1017 cm™2)

Fig. 3. The Jy (a) and Jy (b) of the optimum configurations versus the doping
concentration in the lightly doped layer.

0.28 72 10
(a) (b) (c)
0.26f 7or
68}
0.24f
~ S 66§ -
2 ool > X
N = 6 =
0.20
62
0.18f 60
0.16 58
0 40 80 0 40 80 4 40 80

Ngjo (107 cm™?)

Nyjo (107 cm™?)

Ngjo (107 cm™?)

Fig. 4. The V; (a), FF (b), and 1 (c) of the optimum configurations versus the doping concentration in the lightly doped layer.

Since the radiation characteristic of an intermediate ra-
diator can be controlled by artificial engineering, it is worth
evaluating the potential effect of radiator temperature on de-
vice output performance of the optimal configuration. Fig-
ure 5 shows the photon flux (a) as a function of wavelength at
different Tgp, and Jy (b), Vo (¢), FF (d), POD (e), and n (f)
versus the variation of Tgp for our considered configurations
have been studied. As can be seen from Fig. 5(a), with increas-
ing Tpg, the photon flux displays remarkable enhancement and
a blue shift of the radiation peak was observed. In addition,
GeSn (0.524 eV) with a cutoff wavelength of 2.36 um was
observed in the near-infrared band where it can capture most
thermal radiation of photons from a black-body at 1500 K;
this would facilitate the use of GeSn material in TPV cell ap-
plications. Figure 5(b) shows that Ji. shows exponential en-
hancement with the increasing Tgg. To be specific, Jy im-
proves from 1 A-cm~2 for Tgg = 1000 K up to 170 A-cm™>
for Tgg = 2500 K, which can be attributed to the enhancement
of photon flux owing to the increased 7gg. Both V. and FF
for each structure display evident improvement with the up-

graded Tgp. For the p*™/n construction, V,. (FF) in Figs. 5(c)
and 5(d) increases from 0.12 V (53.87%) for Tgg = 1000 K
up to 0.26 V (69.13%) for Tgg = 2500 K. The enlargement
of Vi can be understood because the increasing Tgp results in
improved carrier collection, which can improve the band state,
further leading to the band-filling effect3’-3?! and slight aug-
mentation of V.. For the normal structure V. is invariably
larger than for the inverted one, which can be attributed to the
smaller Jy for the normal one. The improvement of FF can be
attributed to the increased Tgp, and is derived from the empir-
ical formula!®! FF = [Voo — In(Voe +0.72)] / (14 V). Fig-
ure 5(e) shows that POD displays exponential improvement
with increasing Tgp due to the combined effect of Jy, Vi, and
FF (POD = Jy. x Vi x FF). Moreover, 1 of the p™/n (n™/p)
configuration increases from 1.22% (1.07%) for Tgg = 1000 K
to 14.05% (13.28%) for Tgg = 2500 K; in the same Tpp range,
n for the n/p* (p/n") configuration increases from 0.65%
(0.69%) to 10.46% (10.89%), as shown in Fig. 5(f). Accord-
ingly, an almost linear increase in 1) was observed, presenting
a 12-16-fold improvement and revealing the significance of
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controllable Tgg for TPV devices.

We know that surface recombination is a very important
parameter for TPV cells. To reveal the potential effect of sur-
face recombination rates, using the p*/n configuration as an
example, we have depicted TPV performance parameters ver-
sus the variables Sp and Sf in Fig. 6, where Sg and S of
the optimal structure are equivalent to a Tgg of 1500 K. In
Fig. 6(a), it is obvious that the concerned 1 varies when the
value of Sg/p is in the range of 10° cm-s~'=107 cm-s~!. The
analogous behavior for other parameters such as Jy, Vi, FF,

and POD is also shown in Fig. 6. Cell performance would be
improved with decreasing Sg/p, In particular, cell performance
decreases at high (107 cm-s~'-10'0 cm-s~!) surface recombi-
nation rates, but low (10! cm-s~!-103 cm-s—!) surface recom-
bination rates give a higher thermoelectric conversion perfor-
mance, indicating the significance of good quality contacts in
practical TPV applications. A feasible way to reduce Sg/p is
by passivating the surface of the device to remove the recom-
bination resource formed by surface impurities; this is helpful

for improving cell conversion efficiency. 34!
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4. Conclusion

In this paper, we have systematically studied the effects
of the active layer on the output performance of GeSn single-
junction TPV cells with normal and inverted configurations.
The results show that GeSn TPV cells with acceptable perfor-
mance consisting of a 100 nm—300 nm emitter and a 3 pm-—
6 um base with low device cost and the optimal p*/n structure
have been obtained. In the p™/n (n™/p) structure, there is an
optimum base doping Ny =3 (7) x 10'8 cm™3. Performance
of the GeSn TPV cells can be improved by increasing the ra-
diator temperature and decreasing surface recombination. The
simulated results provide some useful guidelines for the fabri-
cation of economical GeSn TPV devices.
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