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Abstract: A typical GalnP/GalnAs/Ge tandem solar cell structure operating under AMO illumination is proposed,
and the current—voltage curves are calculated for different recombination velocities at both front and back-surfaces of
the three subcells by using a theoretical model including optical and electrical modules. It is found that the surface
recombination at the top GalnP cell is the main limitation for obtaining high efficiency tandem solar cells.
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1. Introduction

Presently, GalnP/GalnAs/Ge triple-junction solar cells
grown by metal-organic vapor-phase epitaxy (MOVPE) are the
high efficiency solar cells for space applications in mass pro-
duction[" 2. The GaInP and GalnAs subcells are grown on ger-
manium substrate, with more than twenty different layers and
corresponding interfaces for a whole tandem solar cell struc-
ture(®]. Minority carrier recombination at these interfaces is a
major factor limiting the efficiency. In practice, it is difficult
to achieve low recombination velocities in solar cells because
of high doping levels and interface diffusion. A detailed under-
standing of the impact of the interface recombination effect is
necessary to effectively design ideal solar cells.

Ghannam et al.1*l have discussed the impact of interface
recombination on the open-circuit voltage and efficiency of a
tandem cell operating under AM1.5 illumination, and Kurtz
et al.P®! have experimentally studied the effects of passivation
for front and back GalnP solar cells. In this paper, a closer anal-
ysis and computation of the interface recombination effect on
both the photocurrent and photovoltage of GalnP, GalnAs and
Ge subcells operating under AMO illumination are carried out,
by using a rigorous model including optical and electrical mod-
ules.

2. Theoretical approach

A schematic of a typical lattice-matched GalnP/GalnAs/Ge
solar cell is shown in Fig. 1. It consists of the series connection
of an n on p GalnP junction on the top of an n/p GalnAs junc-
tion which lies on an n/p Ge junction.

The spectrum of sunlight striking the front of the cell in-
cludes ultraviolet, visible, and infrared light. The absorption
coefficient for short-wavelength light is quite large, and most
of the blue light is absorbed very close to the front of the GalnP
cell. Light with energy close to, but above, the GalnP band edge
is weakly absorbed throughout the cell and a large part reaches
the GalnAs cell. Sub-band-gap light passes through the front
cell and is absorbed in the next one, and so on. The photocar-
riers generated will diffuse inside the cell until they are either
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collected at the p—n junction or recombined with a majority car-
rier, either by bulk or interface recombination. The efficiency
of a solar cell is increased when all the photocarriers are col-
lected at the junction instead of being recombined elsewhere.
Thus, recombination at the front and back of the cell affects the
efficiency of the cell.

At the first level, multi-junction cells behave like homo-
junction cells in series, and their open circuit voltage is the
sum of the voltages of the subcells, while their short circuit cur-
rent is that of the subcells with the smallest current. Hence, the
performance of a multi-junction cell can be obtained from the
performance of each subcell evaluated independently. For each
subcell, the load current density J is represented by the super-
position of two diode currents and the photogenerated current,
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Fig. 1. Solar cell structure used for simulation.
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J = Ty = Jor T — 1) = Jop (77T — 1), M

where Jy, is the photocurrent density, Jo; is the ideal dark saturation current component, and Jo, is the space charge non-ideal
dark saturation current component.

The photocurrent density is given by the sum of the photocurrents generated in the emitter, the base and the depleted region
of the cell. Similarly, the dark current density is given by the sum of the dark currents generated in the emitter, the base and the
depleted region of the celll® 7], We have

Jph = Jemitter + Jbase + Jdepleted, (2)
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where g is the electron charge, F is the incident photon flux, « is the optical absorption coefficient, and R is the reflectance of the
anti-reflective coating. #; is the intrinsic carrier concentration, and N and Np are the concentrations of acceptors and donors. d,
is the emitter thickness, and dj, is the base thickness. L,, is the hole diffusion length in the emitter, and L, is the electron diffusion
length in the base. S, is the hole surface recombination velocity in the emitter, and S, is the electron surface recombination
velocity in the base. Dy, is the hole diffusion coefficient in the emitter, D, is the electron diffusion coefficient in the base, and ©
is the nonradiative carrier lifetime. The build-in voltage V5 of the junction, the thickness of the depleted layer in the emitter W,,,
the thickness of the depleted layer in the base W}, and the total depleted zone thickness Wl are given by

NN
Vg =kTlg —22, (10)
Np + Nj
W= [2e—" Ay, —V —2kT), 11
\/8 NoNx (Va ) (11)
W, = W/(1 + Np/Na). (12)
Wy =W — W,. (13)

where k is the Boltzmann constant, ¢ the dielectric constant, and T the temperature (7 = 25 °C was used in this paper). It is
important to note that F' and o depend on the wavelength, whereas D, Dy, L, L, and T depend on the doping concentration[*!.
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The optical modeling proposed in this paper is based on the transfer matrix formalism. It allows calculation of the incident
optical spectrum on each subcell from the solar cell spectrum. Each layer of the multi-junction is described by a transfer matrix

M which is defined by

2w (n —ila/4m)

. sind
(Moo Mox _ cos g T\~ ira/4n) : A u
=\m M)~ A ' n—ila/dn , (14)
1,0 ; . . 2n(n—ila/4m) 2m(n —ido/4m)
(n—z)ta/4n)s1ndf cosdf

where n and d are the refraction index and the thickness of
the layer respectively. The transmission coefficient Ty ! of the
layer is then given by

2
dng

(noMo,o + nonsMo,1 + Mo + nsMy 1)

(15)

Tm

where n¢ is the superstrate refractive index, and ny is the sub-
strate refractive index of the subcell. The M, ; coefficients re-
fer to the matrix transfer elements. Thus, it is possible to de-
termine the incident spectrum on each subcell. The incident
photon flux in the GalnP, GalnAs and Ge subcells is given by

FGaInP = TARC Fsolar, (l 6)
FGamas = TGamp Tarc Folar, (17)
Fce = TgamasTcamp Tarc Fsolars (1 8)

where Fy,r is the incident photon flux, Tarc, TGamp and TGainas
are the transmission coefficients of the anti-reflective coating,
the GalnP subcell and the GalnAs subcell, respectively.

This model includes optical and electrical modules, with
the optical modules allowing the calculation of the quantity
of photons arriving on each junction from the solar spectrum.
Then, the electrical model calculates, versus interface recom-
bination velocity, the photocurrents in the space charge region,
the emitter and the base for each junction.

3. Solar cell structure and parameters

To calculate the power production of the GalnP/GalnAs/Ge
triple-junction cells for space applications, the incident pho-
ton flux Fy, is taken from a newly proposed reference air
mass zero (AMO) spectra (ASTM E-490)11%- 111, The integrated
ASTM E490 AMO solar spectral irradiance has been made to
conform to the value of the solar constant accepted by the space
community, which is 1366.1 W/m?. The transmission coeffi-
cient of the anti-reflective coating Tarc (including a 30 nm
AlInP top window layer, 52 nm ZnS and 90 nm MgF, anti-
reflective coating layers), the wavelength-dependent transmis-
sion coefficient of the GalnP subcell and the GalnAs subcell
are calculated according to Egs. (14) and (15).

As shown in Fig. 1, a typical two-terminal triple-junction
cell for space applications has a Ge bottom cell, a GalnAs mid-
dle cell and a GalnP top cell with band gaps of 0.661, 1.405
and 1.85 eV, respectively. The Ge cell is built on the p-type
substrate and therefore the base is about 150 pm thick, with a
doping concentration of about 6 x 1017 cm™3. The Ge emitter
is about 0.3 pum thick with an n-type doping concentration of
about 1 x 10" cm™3. The emitter thickness is 0.1 pm for the
other two cells with a doping concentration of about 1 x 1018

cm 3. Since the AMO spectrum contains relatively more high-
energy photons with energy greater than the band gap of the
GalnP top cell, the photocurrent of a triple-junction cell with a
very thick top cell will generally be limited by that of the mid-
dle (GalnAs) cell. Therefore, the middle cell thickness was set
to be thick enough (3.6 wm in this paper) with a doping concen-
tration of about 2 x 10'7 cm™3, and the top cell thickness was
suggested to be about 0.52 um with a doping concentration of
about 1 x 10'7 cm 3012131,
The absorption coefficient of GaInP[*! can be fitted by

QGamp = 5.5V E —Eg+1.5JE—E,— 1. (19)

The absorption coefficient of GalnAs (with In content of
about 0.01)'2] can be fitted by
E—E,.

QGalnas = 3.3 (20)

The direct gap absorption spectra of bulk!'¥l Ge was used
for the calculation

ace =1.9/E—E['|E. (1)

where E is the photon energy and Ej is the fundamental band
gap, both in eV, and ¢ in 1/um.

The diffusion length, the diffusion coefficient and the non-
radiative carrier lifetime are calculated according to the dop-
ing concentration by using empirical formulas summarized in
Ghannam’s work!4.

4. Results and discussion

The analysis starts by assuming a recombination velocity
of 1 x 10° cm/s at one interface at a time, while that at the
other five interfaces is set to zero. Figures 2—4 show the total
external quantum efficiencies 7 and the integrated photocurrent
density Jyp, of the three subcells calculated from Eqs. (1)—(4)
using varying values of S, and S,,. The external quantum effi-
ciency 7 is a function of wavelength, and the photocurrent den-
sity Jpp is obtained from the integral of the product of quantum
efficiencies. As shown in the figures, for large absorption co-
efficients, a high S, causes the blue response to decrease dra-
matically (see Figs. 2(a), 3(a) and 4(a)). However, a high S,
also causes a reduction in the red response as well. In contrast,
high S, causes a reduction only in the red response (see Figs.
2(a) and 3(a)), with almost no measurable effect in the blue
response for a thick cell (see Fig. 4(a)). The top GalnP cell
generates a photocurrent density of 16.44 mA/cm? for zero re-
combination velocity, 15.08 mA/cm? for S, = 1 x 106 cm/s,
and 13.71 mA/cm? for S, = 1 x 10 cm/s (see Fig. 2(b)). The
middle GalnAs cell generates a photocurrent density of 17.16
mA/cm? for zero recombination velocity, 15.44 mA/cm? for S,
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Fig. 2. (a) External quantum efficiency and (b) integrated photocurrent density of the top GalnP cell for various interface recombination velocities

as shown in the figures.
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Fig. 3. (a) External quantum efficiency and (b) integrated photocurrent density of the middle GalnAs cell for various interface recombination

velocities as shown in the figures.
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Fig. 4. (a) External quantum efficiency and (b) integrated photocurrent density of the bottom Ge cell for various interface recombination

velocities as shown in the figures.

=1 x 10°® cm/s, and 16.34 mA/cm? for S, =1 x 10 cm/s (see
Fig. 3(b)). The bottom Ge cell generates a photocurrent den-
sity of 35.19 mA/cm? for zero recombination velocity, 35.19
mA/cm? for S, =1 x 10 cm/s, and 31.41 mA/cm? for S, = 1
x 10 cm/s (see Fig. 4(b)).

The short circuit current of the tandem cell is the small-
est photocurrent of the subcell. According to Eq. (1), the open-
circuit voltage can be obtained as the voltage at which the mag-

nitude of the dark current equals the photocurrents. The cor-
responding /—V characteristics of the tandem cell are plotted
in Fig. 5. The recombination at the back interface of the top
cell is very detrimental due to the considerable drop of the cell
voltage. The recombination at the back interface of the middle
cell and at the emitter surface of the bottom cell also leads to a
significant decrease in the cell voltage as shown in Fig. 5. The
drop in the cell voltage is less significant for the recombination
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Table 1. Figure-of-merits of the tandem cell represented from Fig. 5.

Surface recombination Open-circuit voltage Short-circuit current  Fill factor (%) Tandem cell efficiency
velocity S (cm/s) Voe (V) Jse (Alem?) (%)
§$=0 2.75 0.01644 88.1 29.2
Sq-Ge = 10° 2.75 0.01644 88.1 29.2
Sp-Ge = 106 2.74 0.01644 87.9 29.0
Sy-GalnAs = 100 2.70 0.01544 89.4 27.3
Sp-GalnAs = 10° 2.73 0.01634 87.4 28.5
Sp-GalnP = 10° 2.65 0.01508 90.9 26.6
Sp-GalnP = 106 2.72 0.01371 90.4 24.7
18 is about 2.65 V, which is close to that obtained from practical
6 devicesl®].
~ 14 .
E 5. Conclusion
g 10 The interface recombination effect on the performance of
& gl —o—S-Ge=10° a typical GalnP/GalnAs/Ge tandem solar cell operating under
_% ¢L —o—SyGe=10° AMO illumination has been investigated for different recom-
2 4l —»—S -GalnAs = 10° bination velocities at both front and back-surfaces of the three
= —4—S -GalnAs = 10° subcells. Recombination at the back interface of the top cell
O 2F ——S GalnP = 10° leads to a considerable drop of the cell voltage, while recombi-
O —>—s -GalnP = 10° nation at the back interface of the middle cell and at the emitter
‘22‘2 2'-3 27 ) 2f . 2f p: 2'-7 Y surface of the bottom celll lea.ds to a less s'igniﬁcant decrease in
Voltage (V) the cell voltage. Recombination at the emitter surface of the top

Fig. 5. I-V characteristics of the GalnP/GalnAs/Ge tandem cell un-
der AMO with recombination velocities at the indicated interfaces and
zero elsewhere.

at the emitter surface of the top cell. Since the surface recom-
bination velocity affects both the photocurrents and voltages
for each subcell, the fill factors obtained from the 7V curves
vary with the surface recombination velocity.

Table 1 represents the figures-of-merit of the tandem cell
for various interface recombination velocities. Among all the
interfaces, recombination at the emitter surface of the top cell
is the most detrimental due to the considerable drop of the cell
short circuit current, recombination at the back surface of the
top cell is also detrimental due to the considerable drop of the
cell voltage. Thus, the surface recombination at the top GalnP
cell should be the main limitation for obtaining high efficiency
tandem solar cells, while the recombination effect at the back
interface of the bottom cell is negligible because the base layer
is thick enough. The voltage for each subcell drops with in-
creasing recombination velocity. It varies more significantly
with back surface recombination velocity because a large dark
current is generated in the base region of the cell with back
surface recombination, while the dark current generated in the
emitter region of the cell is much smaller (Egs. (7) and (8)).

In practice, high surface recombination velocities are fre-
quently observed in solar cells. By setting proper surface re-
combination velocities, the model should predict the external
quantum efficiency and illuminated /—V characteristics. Us-
ing our model by assuming recombination velocity for a top
cell back surface of 1.3 x 10° cm/s, a middle cell back sur-
face of 10°cm/s and a top cell emitter surface of 5.15 x 10*
cm/sl#, we obtained a voltage of 1.38 V for the GalnP subcell,
and the theoretical open circuit voltage of the tandem solar cell

cell is the most detrimental due to the considerable drop of the
cell short circuit current and to a lesser extent to the associated
reduction in the cell voltage. Effectively interface passivation
of the tandem cell, especially of the top GalnP subcell, should
be helpful in achieving high efficiencies.
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