PHYSICAL REVIEW APPLIED 7, 014019 (2017)

Analyzing the Electrical Performance of a Solar Cell with Time-Resolved
Photoluminescence: Methodology for Fast Optical Screening

David M. Tex,1 Mitsuru Imaizumi,2 and Yoshihiko Kanemitsu'"

'Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan
2Japom Aerospace Exploration Agency, Tsukuba, Ibaraki 305-8505, Japan
(Received 30 September 2016; revised manuscript received 11 December 2016; published 26 January 2017)

The performance of solar-cell devices is conventionally analyzed electrically by current-voltage
measurements. To access the physics of the current generation process at the operating point, the analysis
of fast optical responses from devices is highly beneficial. However, the optical responses from p-n
junctions exhibit a complex photoluminescence (PL) decay behavior due to their time-dependent electric
fields. Here, we propose a method to systematically assign the physical meanings of the PL decay time
constants by recording the complete excitation power dependence and voltage dependence of the time-
resolved PL from a GaAs single junction. The experimentally obtained PL curves are in agreement with
numerical predictions of dominant charge separation. We conclude that the charge separation can be
directly observed in state-of-the-art devices. The experimental data set enables assignment of the effective
separation time constant for the maximum output power condition, which is the most important number for
understanding the carrier dynamics during device operation. The technique developed in this work
constitutes a contactless characterization technique for solar cells.
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I. INTRODUCTION

Semiconductor solar-cell technology has exhibited fast-
paced growth over the last decades. Although the con-
version efficiencies are approaching their predicted limits
[1,2], significant losses exist, and optimization is still a key
factor for future large-scale implementation of photovol-
taics. To improve efficiencies, the carrier dynamics in the
actual device have to be measured. The p-n junction is the
heart of the solar cell; it drives the current generation and
has to be characterized carefully. Such a characterization
can be performed electrically via current-voltage (/-V)
curves, external quantum efficiency [3,4], electrolumines-
cence (EL) [5-10], or optically [11-13].

The characterization of optoelectronic devices with
photoluminescence (PL) is fast, highly sensitive, contact-
less, and nondestructive. It is useful since PL directly
reflects the device quality [14-17]. With regard to the
information about carrier dynamics, the PL spectra easily
allow for the individual characterization of different sub-
cells, which is essential for tandem solar-cell engineering.
An important advantage over [-V techniques is that
optical techniques can be applied before making electrical
contacts. However, due to the inherent device properties,
the optical responses are difficult to interpret [11].
Nonradiative recombination can be enhanced by point
defects, while radiative recombination can be slowed down
by carrier localization [18,19]. Both effects are a result of
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extrinsic defects, but even a high-quality sample can exhibit
fast and slow decay components due to intrinsic effects.

Several interpretations of PL decay dynamics from
semiconductor heterojunctions and devices have been
presented in the past and were based on numerical
calculations [20,21]. A highly interesting result is that in
high-quality devices with band-to-band recombination,
the charge separation [22,23] of a device can be probed
with an optical technique [21]. Unfortunately, only the
very initial decay time constants were assigned to a
physical property, and the complicated decay at high
excitation powers and late times remained unassigned. A
more intuitive and simplified interpretation of the PL decay
curves for different excitation powers has been proposed
recently, including experimental curves in excellent agree-
ment with the theory [24,25]. It was proposed that electrical
performance can be evaluated without using any electrical
contact. However, the method based on the analysis of
time-resolved PL still requires a clear experimental foun-
dation on a single junction to verify the model and assure
reliable application.

The decay dynamics governed by Shockley-Read-Hall
(SRH) recombination in a semiconductor layer can resem-
ble those in p-n junctions [20,21,26]. Therefore, the usual
interpretation of fast PL decays and a peculiar excitation
power dependence in devices is the SRH recombination in
either the n or p layer of the device and not related to the
physics of a p-n junction diode. This interpretation is
almost certainly true for devices containing materials with
low luminescence yields or a high number of interface
defects [27]. However, in high-performance devices, the
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carrier transport plays a significant role in the PL decays.
While simple power-dependence measurements are known
to provide the trap-state properties in single layers of
technically important materials [28-31], the known pro-
cedure is not able to distinguish between transport-related
and trap-state-related PL decays in devices. A detailed
investigation of the voltage dependence of PL decays from
high-quality p-n junctions is essential to clarify the
physical meanings of the observed time constants.

In this paper, we propose a fast and convenient optical
method to characterize the electrical performance of solar
cells. We investigate the excitation power dependence of
time-resolved PL from a GaAs single junction under
various bias conditions. When measuring the excitation
power dependence of the device under open-circuit con-
dition, three characteristic PL. decay time constants are
obtained in the low and high excitation power regime. The
experimentally obtained curves are in very good agreement
with numerical predictions in earlier works [21]. We find
that the voltage dependence of the PL decays enables a
clear assignment of the time constants. This experiment
proves the physical meanings of the time constants. The
most important time constant for device characterization
is the effective separation time constant for the maximum
output power condition. From our experiment, we find that
this time constant is almost identical to the PL time constant
observed at late times and high excitation powers under
open-circuit condition. Therefore, we conclude that the
charge separation can be directly observed in p-n junctions
with the PL time constants obtained under a high excitation
power and open-circuit condition, which is highly useful
for sample characterization since electrical contacts are not
needed. The measurement of the time constants under a
high excitation power and open-circuit condition combined
with our proposed equation constitutes a fast optical
screening technique for solar cells.

II. EXPERIMENT

The sample characterized in this work is a GaAs single-
junction solar cell consisting of a top n layer and a bottom p
layer. The thicknesses of the layers are 100 and 1500 nm for
n and p layer, respectively. This solar cell has no antire-
flection coating and achieves a conversion efficiency of
18% with a fill factor FF = 80%. For the time-resolved PL,
we use a regenerative-amplifier Yb:KGW laser with an
optical parametric amplifier (200 kHz) for excitation with a
wavelength of 800 nm and a pulse width of about 200 ps. A
streak camera with a monochromator and short- and long-
pass-filter sets are used for detection. All measurements are
performed for a spot size with a full width at half maximum
value of approximately 150 ym. The detected PL is from
the center of the excitation spot, with a full width at half
maximum value between 20 and 60 ym. The sample is
measured in air and at room temperature. The optical
measurements are performed at open-circuit condition

(power supply off) and for different forward-bias condi-
tions ranging from O to 1.1 V using a direct-current voltage
source and monitoring equipment.

III. RESULTS

A. Time-resolved photoluminescence

The excitation power dependence of the PL decay curves
for the open-circuit condition is shown in Fig. 1. All decay
curves have an ultrafast initial response within the first
nanosecond. Its time constant is faster than the measure-
ment system’s response time of 30 ps. For the lowest
excitation power (30 yW), this initial ultrafast decay is
dominant and followed by a weak multiexponential decay.
The intermediate time constant is about 500 ps, and the tail
at late time has a time constant of about 7., = 1.5 ns
(PL intensity level Ip; <1). The PL intensity Ip; is
determined by the product of the electron and hole
densities. In the low-PL-intensity limit, Teq should reflect
the minority-carrier trapping time constant, which is a
result of SRH recombination dynamics.

By increasing the excitation power to 60 W, a fast
decay time constant 7; = 550 ps can be clearly observed
at t = 3 ns, which is between the initial ultrafast decay and
Teq- This intermediate PL contribution is also observed for
lower excitation powers, but the long tail can be clearly
observed only when the excitation power is high enough. In
the excitation power dependence from 60 to 160 W within
the same time interval (Fig. 1, r = 3 ns), we observe a
drastic slowdown of the decay time constant for higher
excitation powers (factor of 30). It reaches a value of
7, = 15 ns for about 160 yW. By further increasing the
excitation power, 7, stays almost constant, which means
that the slow time constant saturates for high excitation
powers.

Immediately after excitation, the photocarrier density
profile is determined by the exponential absorption with an
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FIG. 1. Excitation-power dependence of PL decay curves from
the GaAs subcell showing fast response for low excitation and
slow response for high excitation conditions.
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FIG. 2. (a) Initial photocarrier densities and (b) corresponding
band structure after carrier diffusion for 30 W and (c) 180 yW.

absorption coefficient a = 1.33 x 10*/cm as shown in
Fig. 2(a). For 30 yW, the volume average of the photocarrier
density for a GaAs layer thickness of 1.6 um is
1.7 x 10'® cm™3. Under this condition, the band profile stays
almost in short-circuit condition [Fig. 2(b)]. At 180 yW, the
average photocarrier density is estimated to be about
1.04 x 10'7 cm™3, which significantly exceeds the intended

p-doping density of 1 x 10'® cm™3. Therefore, the bands are
expected to be almost flat after carrier diffusion [Fig. 2(c)].

We note that the dominant slow decay 7, at high excitation
powers is followed by a fast decay 73 = 1.2 ns. The
excitation power dependence of the fast time constant within
the same PL intensity interval (Fig. 1, Ip; = 3) starting with
7; shows a significant slowdown (factor of 3). After 73, a
further slow decay is observed (Fig. 1, Ip;, < 1). This late PL
decay occurs during quasiequilibrium where drift current
and carrier diffusion are balanced.

The above complicated excitation power dependence
can be well explained if the PL dynamics at low carrier
densities (1 < Ip;, < 10) are determined by charge separa-
tion. Previous numerical simulations showed that in case of
dominant charge separation a minor change in the carrier
densities can drastically alter the decay time constants 7,
and 7, [21].

The general trend of the PL decays presented above has
been also confirmed for other 7/ —V materials [25].
Materials with lower mobility and a larger number of defects
are strongly influenced by these defects, and, thus, an
analysis of the transport properties becomes more difficult
[27]. The excitation wavelength of 800 nm is chosen in order
to excite the whole GaAs junction. By changing the wave-
length to shorter regions, the surface volume is excited,
which introduces an additional decay component due to
surface recombination. However, under high excitation
conditions, the surface recombination has only a small
effect on the total PL decay, which has been confirmed
for an (In,Ga)P subcell in a triple-junction solar cell [25].

B. Time-resolved spectra

To clarify the origin of the observed PL, their spectra are
shown in Figs. 3(a) and 3(b). Figure 3(a) is the time-
resolved PL spectra for excitation with 80 yW under the
open-circuit condition. This slightly elevated excitation
power is chosen since the two spectral and temporal regions
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FIG. 3. (a) Time-resolved PL spectra of the sample for excitation with 80 4 W, which corresponds to the low excitation condition but

with clear 7; response. The two important temporal regions are separated with the broken line. (b) Time-resolved PL spectra of the
sample for excitation with 160 yW, which corresponds to the high excitation condition with clear 7z, response. (c) Time-integrated
spectra of ultrafast time regime (red solid line) and 7, time regime (green solid line). In addition, we also plot the total time-integrated
spectra observed for the high excitation condition where 7, is observed (blue solid line) and the EL signal for 1 V (blue broken line).
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can be distinguished easily. The broken line separates the
time ranges where initial ultrafast decay and 7, are
observed. Both time regions show a clearly different PL
spectrum. We observe the same behavior for the high
excitation condition ( 160 uW) shown in Fig. 3(b). The
time region where 7, is observed is blueshifted compared to
the initial ultrafast response, and its spectral shape stays
constant even for later times where 73 is observed.

The time-integrated spectra are summarized in Fig. 3(c).
The PL during the decay 7; is shown in green, and the
contributions of 7, and the EL signal obtained for 1-V bias
are shown with the blue solid and broken curves, respec-
tively. The PL peaks of 7; and 7, coincide with the EL peak,
and these peaks appear at the band-gap energy of GaAs
E, =142 ¢V. The initial ultrafast decay [Fig. 3(c), red
data] has a peak at lower energies.

For high-quality GaAs layers grown with molecular-
beam expitaxy, it has been reported that a dominant high-
energy peak from band-to-band transition is observed for
n-doped samples, and a dominant low-energy peak from
the dopand-related transition for p-doped samples [32].
Therefore, we consider that the PL signals with a peak
around 870 nm are from the n layer, and the PL peak
around 885 nm is from the p layer. Both 7; and 7, are a
result of band-to-band recombination, while the ultrafast
PL is related to the impurity PL, most likely from acceptors
in the p layer.

Although the p layer is much thicker than the n layer, the
n layer dominates the EL and 7, signal. This means either a
small luminescence efficiency of the p layer or a strongly
different Fermi-level splitting throughout the device. A
strongly different Fermi-level splitting is possible in time
regions where the system is far from equilibrium, which
may the case for the first few tens of nanoseconds.

C. Interpretation of time constants

Figure 1 shows a drastic slowdown of the PL decay for
increasing excitation power, which we analyze in detail
later in Fig. 5(b). Given the saturation behavior of the time
constant at high excitation conditions and the expected low
internal electric fields for an extended time range on the
order of 10 ns, we assign the dominant time constant z, to
the intrinsic carrier recombination [24], i.e., the long carrier
lifetime in the bulk for carrier densities on the order of the
doping level.

The time constant 7; is assigned to the charge separation
in the space-charge region [24]. The high electric field in
this region for low carrier densities can effectively separate
electrons and holes. If this separation process is faster than
any trapping or recombination, which is the case for high-
mobility and/or low-defect materials, the separation is
directly reflected in the PL decay.

Under high excitation conditions, the carrier densities
increase, and, thus, 7; becomes slower for higher excitation
powers. This trend can be interpreted as follows. For high

excitation powers, the initial fast carrier diffusion reduces
the internal electric field, and the p-n junction goes into
flat-band condition. In this condition, the bands are not
necessarily flat, but the separation due to the electric field
becomes a minor process, and the PL decay is determined
by the carrier-recombination time constant 7,. As the
recombination proceeds, the p-n junction undergoes a
transition from the flat-band (minor effect of electric field)
to the short-circuit condition (maximal internal electric
field). Within this transition, there exists a time region in
which the electric field contribution switches from minor
to dominant. 73 is assigned to the time constant which
determines the carrier-separation dynamics at the instant
when the electric field becomes dominant again.

During light illumination, the carrier diffusion to the
selective contacts is said to be the main driving force of the
solar cell [33]. A p-n junction can work as a selective
contact. Close to the flat-band condition, the electric field
weakens, and the mobility difference between the electrons
and holes becomes important. At the point of maximum
output power under operation, the solar cell is in steady-
state condition and current flows due to a difference
between the diffusion current and drift current components.

The time constant 73 is observed slightly before the
quasiequilibrium PL begins to govern the PL decay, and,
therefore, we consider that the drift current is still slightly
larger than the diffusion current. This condition is almost
identical to the operating point at the maximum output
power of a solar cell [25]. However, this statement is only
qualitative and requires a quantitative experimental verifi-
cation performed in the next section.

Another possibility to investigate the plausibility of the
above assignments is a theoretical analysis of the transient
carrier dynamics in a p-n junction. Because of the com-
plexity of the system, analytical solutions may be derived
only using assumptions. Numerical simulations have been
presented rarely in the literature [13], but the physical
process behind the results is difficult to grasp. Therefore,
we consider that a simple yet elegant experiment is the most
suitable method to verify the meanings of the three time
constants.

D. Voltage dependence

To confirm the above physical interpretation of the
time constants, we measure PL decay curves under
different bias conditions. In Fig. 4(a), the voltage
dependence of the early-time region for excitation with
60 yW is shown. The initial ultrafast decay does not
change its intensity nor its time constant for any voltage.
Therefore, the ultrafast initial response is assigned to the
initial carrier separation by diffusion of the carrier density
profile right after excitation. The maximum peak inten-
sity shows no voltage dependence, since the initial carrier
profile is not altered by the applied voltage. For high
voltages of about 1 V, the EL signal is observed as a
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FIG. 4. Voltage dependence for (a) the ultrafast regime under
low excitation power of 60 uW, (b) the short-time regime under
low excitation power of 60 yW, and (c) the long-time regime
under high excitation power of 160 yW.

background level, which is 100 times smaller than the PL
peak signal and, thus, negligible.

Figure 4(b) shows the bias voltage dependence for the
low excitation power condition for a longer time range.
These data are representative for the voltage dependence of
the separation time constant 7. Between 0 and 0.6 V, the
PL decay curves are similar to that taken for open-circuit
condition (Fig. 1, data for 60 xW) and show only a very

small slowdown. Between 0.7 and 1 V, the PL decay time
constant 7; becomes drastically slower. We note that these
PL decays can be fitted very well with a single exponential
function and do not evolve into the two exponential
decays observed at high excitation powers (Fig. 1, data
for 160 uW).

The slowdown of 7, and its single exponential behavior
is considered to be a result of the reduction of the internal
electric field due to external bias. Since the electric field
is reduced, the charge separation proceeds slower. At a
bias voltage of 1 V, 7; reaches the saturated value of 7,
which is obtained for 160-uW excitation in the open-circuit
condition.

The bias-voltage dependence for the decay consisting
of time constants 7, and 75 is shown in Fig. 4(c). These
data are measured for the excitation power 160 uW. The
decay for 0 V is much faster than that for the open-circuit
condition (Fig. 1, data for 160 xW). This is considered to
be a result of the forced charge separation due to the
external bias. Conversely, by increasing the bias voltage,
the decay approaches that for the open-circuit condition
and surpasses it in the high-voltage regime (> 0.7 V). We
find that both 7, and 73 slow down by the bias voltage. For
1-V bias, 73 reaches the saturated value of 7, which is
obtained for 160-uW excitation in the open-circuit con-
dition. On the other hand, at 1 V, 7, is already slower than
the saturated value under the open-circuit condition. We
consider that a new emission mode alters the decay
profile under high voltages, which induces an almost
flat band over the whole sample area. We discuss the
details in the next section.

Overall, the voltage dependence clarifies that t
observed in the open-circuit condition is a time constant
which corresponds to high electric fields, and 7z, as well as
73 correspond to low electric fields. The experimentally
observed bias dependence is consistent with our assign-
ment of 7y, 7,, and 73 given in the previous section and the
explanation of dominant charge separation determined by
the internal electric field.

IV. DISCUSSION

The summary of the voltage dependence of the time
constants is shown in Fig. 5(a). The fast time constant 7,
obtained for excitation with 60 W is shown with the
open blue circles. From O towards 0.7 V, only a very small
slowdown is observed, but for higher voltages, 7; slows
down drastically. This trend is roughly proportional to the
inverse electric field in the space-charge region.

The voltage dependence of 73 [Fig. 5(a), blue filled
circles], which is observed at late times for high excitation
powers of 160 yW, is almost identical with that of 7.
Independent of the excitation power, 7; and 73 are the same
if the internal electric field is fixed by the external bias
voltage. This strongly suggests that both time constants are
determined by the internal electric field and constitute
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FIG.5. (a) Summary of the voltage dependence of time constants.

The broken lines serve as an eye guide. The three arrows indicate the
saturated values which are obtained in the open-circuit condition.
(b) Excitation power dependence of time constants 7, and 73
beginning with 60 yW (the lowest power where both can be
separated clearly for the first time). The broken lines serve as an
eye guide. (c) Comparison of collection efficiencies as determined
by electrical and optical methods. The /-V curve obtained under
AMO, 1-sun condition is plotted as well. The red dot [V,,(z3)]
indicates the operating voltage as determined from the crossing
point of ncc using 73 and the /-V curve.

charge-separation time constants. Under the open-circuit
condition, 7, is the charge-separation time constant corre-
sponding to high electric fields which exist for low carrier
densities, and 73 is the charge-separation time constant

corresponding to low electric fields which exist for high
carrier densities.

The voltage dependence of the slow time constant 7,
obtained for high excitation powers is shown with the
purple filled circles in Fig. 5(a). By increasing the voltage,
7, becomes slower, without showing any indication for
saturation. The gradual slowdown is interpreted as an
improvement of photon recycling under high voltages
and contribution of a nondecaying EL signal.

The excitation power dependence of the three time
constants under the open-circuit condition is shown in
Fig. 5(b). Above excitation power 60 uW, 7, splits into 7,
(red filled circles) and z3 (blue filled circles). The decay
time constant 7, quickly increases and approaches its
saturated value of about 15 ns for 180 yW. This value
corresponds to the 7, measured for an external bias of about
0.8 t0 0.9 V. The time constant 75 reaches about 1 ns for the
high excitation condition, which is also obtained for
external bias of about 0.7 to 0.8 V for both 7; and z;.

Figure 5(c) compares the optically measured carrier
collection efficiencies with the experimentally measured
carrier collection efficiency and the I-V curves. The
electrical carrier collection efficiencies can be determined
directly from the experiment by measuring the photocurrent
during pulsed excitation (A7) and normalizing with the
absorbed number of photons (¢,psom)s

Al pulse ) ( 1 )
q ¢absorb

Melect =

The I-V curve of the device under air mass (AMO), 1-sun
condition is also shown in this graph. Both the electrical
carrier collection efficiency [Fig. 5(c), blue filled circles]
and the -V curve [Fig. 5 (c), blue broken curve] start to
drop at 0.8 V. This indicates that the drop in the /-V curve,
which determines the FF, is determined by the reduction of
the carrier collection efficiency under high bias voltages.

The same trend can be confirmed also with the optical
technique. The upper limit of the optically measured carrier
collection efficiency is given by [24]

: 2)

Ncee,max — 1+ o 1
o I=V/V,

and shown with the green broken line. The time constants
used in Eq. (2) are those obtained under the open-circuit
condition. To estimate the effect of the electric field, the
charge separation time constant for the maximum field (z;)
is scaled by the junction voltage V. The voltage is
normalized by the gap voltage V, = gE,, which means
that this curve is for an idealized high excitation condition.
We confirm that up to 0.8 V the upper limit agrees well with
the electrical results; however, for higher voltages, the
values are strongly overestimated. This is because the
upper limit cannot explain the dominant recombination
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by carrier diffusion, which occurs under low excitation
densities (Vg < Vo).

Since we measure the voltage dependence of the sepa-
ration time constant directly, we can replace the scaling
term [z;/(1 —V/V,)] directly with the measured value
(V).

1

Ncc = @ (3)
7, must be taken as a constant since it is the intrinsic
recombination time constant. The result is shown with the
green squares, including error bars. It is evident that this
curve can explain the electrical carrier collection effi-
ciency very well, supporting our physical interpretation
of 7.

Furthermore, we can also evaluate the carrier collection
efficiency at the point where the drift component starts
to win over the carrier diffusion. This evaluation is done
by replacing 7; with 73 obtained at the open-circuit
condition. We obtain n = 1/(1+ 1.2/15) = 0.925. By
crossing the horizontal line # = 0.925 with the /-V curve,
we find a voltage of about 0.85 V [Fig. 5(c), red point].
This optically determined voltage is very close to the
electrically determined voltage at maximum output power
V,.(I-V) =09 V.

From the above, we consider that the flat-band condition
is established for voltages above 0.9 V, and the junction
voltage at which 73 is observed should be around 0.85 V.
This is close to the actual voltage at maximum output
power V,(I-V) =09 V at AMO, 1-sun condition. The
good agreement strongly suggests that the operating point
and FF of a p-n junction is limited by the charge separation
rate at high voltages (z5'). Thus, the optical method is
able to predict the carrier collection efficiency close to the
operating point of a p-n junction.

V. CONCLUSION

In summary, we measure the excitation power depend-
ence of time-resolved PL from a GaAs p-n junction under
various bias conditions. Three characteristic time constants
71, T3, and 73 are observed in the low and high excitation
conditions. The PL spectral shape is analyzed to determine
the origin of the time constants, and we propose a simple
physical interpretation of the PL decays in p-n junctions.
The unique behavior of the time-resolved PL intrinsic to
p-n junctions is clarified, and we stress the importance of 75
for solar-cell characterization, which describes the carrier
dynamics under device operation. We consider that the
present method can become a standard method for fast
screening of wafer quality for solar cells, even before the
wafer is processed and the solar cell’s electrical contacts
are actually deposited. This fast screening method will be
of high interest for solar-cell researchers.
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