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Revealing Solar-Cell Photovoltage Dynamics at the Picosecond Time Scale with
Time-Resolved Photoemission Spectroscopy
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The picosecond dynamics in a GaAs solar cell is studied using time-resolved photoemission spec-
troscopy. At a pump fluence of 0.081 uJ/cm?, photovoltage builds up in approximately 23 ps. The
subsequent decay of the voltage is found to occur over 7 ns. These quantities reflect the time scales of
carrier transport and recombination, both of which are critical factors for the conversion efficiencies of
solar cells. We demonstrate that the on-site properties of solar cells relevant to conversion efficiency are
directly accessible with picosecond temporal resolution using the photoemission technique. Application
of the present technique will open a new route in the pursuit of optimal designs for solar-cell structures.
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I. INTRODUCTION

Fabrication of low-cost and highly efficient solar cells
has attracted considerable research interest due to their
industrial applications. In addition to silicon-based solar
cells [1], various types of materials and structures have
been studied, including organic [2—4], intermediate-band
[5,6], dye-sensitized [7-9], and perovskite solar cells
[10-13]. Advanced concepts have also been introduced to
challenge the Shockley-Queisser limit [14], including pho-
ton recycling [15], carrier multiplication [16], and photonic
confinement [17,18].

In addition, developing new methods for characteriz-
ing solar cells will be required. In particular, it would be
interesting to reveal how the photovoltage emerges and
decays after light impinges on a cell. It is believed that
the photogenerated electrons and holes drift into opposite
directions, which results in the generation of photovolt-
age; this process occurs in the pico-to-nanosecond time
region. A variety of microscopic processes may also be
taking place therein, such as carrier transport, recombina-
tion, and photonic effect. However, it is difficult to detect
the voltaic changes in the pico-to-nanosecond time region
using electronic devices because of the limitations of time
resolution. For example, investigating the decay of the
open-circuit photovoltage using open-circuit voltage decay
(OCVD) [19-21] is one way to investigate the photovolt-
age dynamics, but probing subnanosecond dynamics is
challenging because undesirable high-frequency responses
of the electronic circuits can distort the genuine dynamics
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of'the cells. Fast dynamics can be accessed by some optical
pump-probe techniques such as the ultrafast fluorescence
spectroscopy; however, photovoltage cannot be measured.

Time-resolved photoemission spectroscopy (TRPES),
implemented by a femtosecond pulsed laser source, pro-
vides an opportunity to record the transient photovoltage
in the pico-to-nanosecond time region. In this method, a
pump pulse initiates the dynamics; subsequently, photo-
electrons are ejected by the probe pulse. As the photoelec-
trons can feel the photovoltage, the photoelectron spectrum
or the kinetic energy distribution of the photoelectrons
will be shifted accordingly (Fig. 1). Although the photo-
electrons consisting of the spectrum are ejected from the
surface region, the photovoltage generated across the p-n
junction interface, located deep in the bulk, can be moni-
tored. TRPES has been utilized to investigate the surface
photovoltage (SPV) dynamics in doped semiconductors
[22-27]. Some attempts have also been made to moni-
tor the photovoltage and charge transfer in some device
structures [28,29]. However, the application of TRPES to
practical solar cells has yet to be demonstrated. Herein, we
apply TRPES to a GaAs solar cell. We succeed in detect-
ing the photovoltage rise time of approximately 23 ps at
a pump fluence P = 0.081 pJ/cm?. Subsequent decay of
the photovoltage occurred over approximately 7 ns. The
P dependency of the buildup time is also investigated.
The buildup and decay times of the solar cell’s photo-
voltage provide a new insight into carrier transport and
recombination.

II. EXPERIMENT

Figure 2(a) shows the structure of the GaAs solar cell.
Samples are fabricated using a solid-source MBE system

© 2018 American Physical Society
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FIG. 1. Energy diagram of a solar cell in electrical contact
with a photoelectron analyzer. The gray (black) curves show the
energy levels in the presence (absence) of photovoltage. VL,
CBM, VBM, and Ef indicate the vacuum level, the conduc-
tion band minimum, the valence band maximum, and the Fermi
level, respectively. The photoelectron spectrum obtained in the
presence (absence) of photovoltage is shown in red (blue).

(VG80H) equipped with standard conical effusion cells for
group III elements (Ga and Al) and cracker sources for
group V (As) (Veeco). Samples are prepared for growth
by thermal oxide desorption under As flux at 620°C for
20 min. A (0.2—4) x 10'"® cm™3 Si-doped n* (100) GaAs
substrate is prepared as the starting material for solid-
source MBE growth of different crystalline layers of the
heterostructure solar cells. After the desorption is com-
pleted, the epitaxial growth starts with a 500-nm-thick
GaAs buffer layer with Si doped at 3 x 10'® cm ™3, which
is grown at 580°C with a growth rate of 1 monolayer
per second (ML/s) to enhance the surface morphology and
with a Ga beam source at 1014 °C. During the growth, the
beam equivalent pressure of Asy is 1 x 10~ Torr. The film
growth rates are determined by monitoring the intensity
of the specular spot of the reflection high-energy elec-
tron diffraction pattern. All layers are grown at 580 °C at
the same substrate temperature. At a GaAs growth rate of
1 um/h, the base pressure of the MBE main chamber is
1.5 x 1077 Torr. The back surface field (BSF) layer com-
prised a 30-period superlattice of Aly;Gag9As barriers and
GaAs wells with Si doped at 3 x 10'® cm™3. The BSF layer
acts as a barrier to minority-carrier holes in the n-GaAs
region, which increases the probability of their collection
across the p-n junction. A superlattice is used for this pur-
pose rather than just a thick AlyGa;_xAs region because
in MBE, a GaAs region grown on a superlattice exhibits
a better electrical interface than when a GaAs region is
grown on a thick Al,Ga;_4As region. A 3-um-thick base

is grown with doped Si (2 x 10'7 cm™3), followed by an
intrinsic region with a 500-nm-thick undoped GaAs layer.
Then, a 660-nm-thick GaAs p-type emitter is grown with
doped carbon (1 x 10'® cm™3). After a 30-nm-thick p-
type AlpssGapssAs window layer is grown with carbon
doping (3 x 10'® cm™3), an p-type GaAs layer with a
thickness of 5 nm is epitaxially grown to provide a stable
and nonoxidized surface for the solar cells.

The TRPES apparatus [30] comprised a hemispherical
electron analyzer and a Ti:sapphire laser system deliver-
ing 1.5-eV pump and 5.9-eV probe pulses at 250 kHz.
The time and energy resolutions are At,-, ~ 280 fs and
approximately 15 meV, respectively. The spot diameters
of the pump and probe beams are 250 and 85 pm, respec-
tively, estimated using a pin hole with a diameter of 200
um attached next to the sample. The spatial overlap of the
pump and probe beams on the sample is tuned by maximiz-
ing the TRPES signal of highly oriented pyrolytic graphite.
Using the pin hole, we check that the spot of the pump
beam does not move for 5 um when the delay stage is
mechanically shifted from —300 to 600 ps pump-probe
delay. The pump fluence P is controlled by a combina-
tion of a polarizer and a wave plate [30] and also by
some neutral density filters inserted in the optical path of
the pump beam. In this way, we achieve P as small as
0.081 wJ/cm?. Note, each time we exchange the neutral
density filter, we recalibrate the origin of the pump-probe
delay by the graphite method. Such a recalibration is nec-
essary because the optical path length of the pump beam
line depends on the degree of the attenuation of the neutral
density filter. Photoelectron spectra are obtained on the p-
type surface of the GaAs solar cell at room temperature.
We do not perform any surface cleaning before acquiring
the spectrum because our interest is in the photovoltage
that emerges at the p-n junction, which is detected as the
voltaic shift of the spectrum on the p-type side of the sam-
ple. The non-necessity of the cleaning treatment increases
the accessibility of the present technique to reveal the
picosecond dynamics of a solar cell.

III. RESULTS AND DISCUSSION

Figure 2(b) shows the spectra obtained on the p-doped
face of the GaAs solar-cell heterostructure. The blue curve
is recorded without irradiating the pump pulses on the
sample. The spectrum is tailed towards the higher kinetic
energy, which is typical of a spectrum recorded on a
sample without any surface-cleaning treatment, as men-
tioned in the previous section. The cutoff appearing in
the lower kinetic energy is due to the work function.
The spectrum shifts into lower kinetic energies when the
sample is illuminated by the pump; see the red curve in
Fig. 2(b), acquired at t = 0 ps. The direction of the pump-
induced shift is in accord with that expected when the
band bending formed across the p-n junction interface
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shows light-induced relaxation. Note that P is as low as
0.081 uJ/cm?. Such a low P has not been achieved in
TRPES studies of SPVs generated on the edge of semi-
conductive materials. For example, P > 100 pJ/cm? was
adopted in the study of p-GaAs [23,31,32] to observe a
similar amount of photovoltage; P > 10 uJ/cm? was the
case for the SPVs generated on bulk-insulating topologi-
cal insulators [33,34]. The low fluence of 0.081 wJ/cm?
is a measure of the high efficiency in the photovoltage
generation in our solar-cell sample.

By varying the pump-probe delay, we can study the tem-
poral evolution of the photoelectron spectra. The panels
in Fig. 2(c) are maps of the photoelectron intensity in the
E-t plane. The photovoltaic shift of the spectrum is seen
at t > 0 ps. The amount of the shift increased as the pump
intensity P is varied from 0.081 to 4.1 uJ/cm?. We also
observe a counterintuitive shift at # < 0 ps or when the
pump pulse did not arrive. A similar shift at # < 0 ps is
also observed when SPVs in semiconductors are studied
by TRPES [28,32,35,36], which can be attributed to the so-
called propagation effect [32,36]. We will investigate this
effect later.

Next, we quantify the pump-induced shift of the spectra.
To this end, we fit the high-energy tail of the spectra with
a linear function and estimate the shift; see the inset in
Fig. 2(b). We do not use the low-energy cutoff to evalu-
ate the shift because the cutoff may be due to the work
function of the analyzer. Figure 3 shows the extracted shift
for various P as functions of ¢. The shift is referenced to
the band edge of the spectrum recorded without the pump.
The shift is maximum at approximately 0 ps, regardless of
P, and diminishes toward both ¢ > 0 and ¢ < 0; the latter
reflects the propagation effect.

Figure 4 shows the maximum shift as a function of P.
The shift increases with P and saturates at approximately
0.45V at P > 0.8 uJ/cm?. For GaAs solar cells, the open-
circuit photovoltage saturates at approximately 1 V in the
steady-state condition or when a constant wave light is irra-
diated. The smaller saturation value obtained in the present
measurement may be attributed to the voltage drop caused
by in-plane conduction between the illuminated area and
the surroundings or to some far-from equilibrium effects
such as carrier heating. We note that SPV occurring on the
p-doped face of the sample is expected to play a minor
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FIG. 3. Spectral shift as a function of delay time. Here, Py =

0.081 pJ/cm?. Black curves show the fitting functions; see the
text.

role in the present condition for the following reasons:
(1) The SPV on a GaAs surface is in the order of tens
of millivolts [31,32] for the highest pump level in the
present measurement, and reaches hundreds of millivolts
only at P > 100 puJ/cm? [23], while such a voltaic shift
is observed at the pump fluence as low as 0.081 pJ/cm?
herein; thus, the SPV shift is expected to be smaller by one
to two orders of magnitude than the shift detected herein.
(2) Concerning the direction of the surface band bending
developed on the edge of a p-type GaAs, the SPV should
shift the valence-band spectrum into higher kinetic energy,
the direction of which is opposite to the observation herein.
The slight decrease in the energy shift at P > 1 uJ/cm?
may be attributed to SPV.

To extract the actual dynamics of the photovoltage,
we need to separate the propagation effect from the
pump-induced shift. The effect is shown schematically
in Fig. 5(a). At ¢t <0 ps, photoelectrons are emitted
from the p-doped layer before the photovoltage dynam-
ics start. The photoelectrons then propagate from the
sample to the analyzer. During propagation, the photo-
electrons feel at most the electrostatic potential caused
by the mismatch of the work functions between the ana-
lyzer and the p-doped face of the solar cell. When a
pump pulse hits the sample and initiates the photovolt-
age dynamics, an electrostatic potential U(r,?) is formed
on the vacuum side to the sample surface. The typi-
cal length scale L of the potential is on the same order
as the spot size of the pump beam. If the photoelec-
trons are still propagating within this region, their motion
is affected by the time-dependent U. Thus, the kinetic
energy of the photoelectrons detected by the analyzer is
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FIG. 4. The maximum energy shift of the photoemission spec-
tra as a function of pump intensity.

reduced approximately by the magnitude of U at the posi-
tion wherein the electrons start to feel the photo-induced
potential. In this scheme, the spectral shift at # < 0 ps
extends to the time scale Tegcape ~ L/v, Where v is the
speed of the photoelectron. We observe that the duration
Thae OF the spectral shift at # < 0 ps, as characterized by
the time when the shift becomes half of its maximum, is
an increasing function of P; see Fig. 6. This observation
is consistent with the theoretical scheme of the propaga-
tion effect described above: L and hence tegcape increase
when P is increased because when P is increased beyond
the energy wherein the photovoltage is saturated, the area
on the surface showing finite voltage increases [36].

The change in kinetic energy of a photoelectron emitted
at delay time ¢ can be expressed as

) I% @ Fln @] @ <0),
A0 = {fooo drF[r,t;(r)] (> 0). (1)

Here, F (r,t) = —(0U/dr)(r, 1), r(t), and t,;(r) are the force
exerted by the potential U(r, t), the positon of a photoelec-
tron at delay time ¢, and the delay time when the electron
is at positon 7, respectively. U(r, f) depends on the in-plane
spatial profile of photovoltage. When the profile is approx-
imated by a uniform circle, the potential can be expressed

as U(r,0) = qVev(O[1 — (r/,/r? + R{)], where g, Vev (1),
and Ry are the charge of an electron, photovoltage at delay
time #, and the effective radius of the area exhibiting the
photovoltage, respectively [36].

To determine the rise time 7z and the decay time tp of
photovoltage, we fit the spectral shift assuming Vpy (¢) =
Vo(1 — e /™®)e~!/™ where V) is a constant. The result of

034056-4



REVEALING SOLAR-CELL PHOTOVOLTAGE DYNAMICS...

PHYS. REV. APPLIED 10, 034056 (2018)

(a)

v v
I U@ j I
p n p n
Before the pump After the pump
(b) (c)

Diffusion 'J, .

FIG. 5. (a) Schematic of a photoelectron before and after the
pump. Schematic of the Fermi energy and electric current in a
solar cell (b) before the pump, (c) immediately after the pump,
and (d) during the decay of photovoltage.

the fitting is shown by the black curves in Fig. 3. 7z and 7
extracted by the fitting are plotted in Fig. 6 as functions of
P. The rise time is approximately 23 ps at 0.081 wJ/cm?.
For higher P, the rise time becomes shorter than Atpy ~
10 ps, and it is difficult to extract the rise time through the
fit because of the propagation effect.

The rise time of photovoltage is determined by diffu-
sion and charge separation of minority carriers. As shown
in Fig. 5(b), the quasi-Fermi-energy of the conduction and
valence band, egc and &gy, are equal and uniform in the
solar cell before photoexcitation. When the pump pulse
excites the sample, minority carriers are generated in both
the p and n layers, which causes a mismatch between
erc and epy. In addition, both quasi-Fermi-energies are no
longer uniform between the p and n layers [see Fig. 5(¢c)].
Electrons (holes) then diffuse in the p (n) layer and those
that reach the depletion region are quickly transferred to
the opposite layer because of built-in electric field caus-
ing an electric current J,. (J;.;,) of electrons (holes) in the
reverse direction. As the transfer develops, charges are
accumulated at the edge of the depletion region. Accord-
ingly, the built-in electric potential is weakened, and a
current Jr . (Jr 5) in the forward direction builds up. Jr =
Jre+Jr then balances J, =J,.. +J,; at a point, and
the net current Jic = J; +J, becomes zero. Photovolt-
age reaches its maximum at this point because minority
carriers do not further accumulate at the edge of the deple-
tion region. Then, the photovoltage gradually decreases
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FIG. 6. 1, tp, and thar as functions of pump intensity. The

temporal resolution of the pump-probe setup and the effective
resolution for the extraction of tx are shown by broken lines. For
P> 0.12 nJ/ cm?, tg becomes shorter, and its estimation through
fitting is prevented by the slowly increasing shift at # < 0 ps
caused by the propagation effect.

because of the recombination of carriers, as shown in
Fig. 5(d).

Therefore, the rise time of photovoltage corresponds
to the time scale in which the accumulation of minority
carriers at the edge of the depletion region is completed.
The decrease in tz for higher pump intensities thus indi-
cates that the charge accumulation develops faster because
of the larger J,. Note that J, can be influenced by the
motion of minority carriers in both the p (n) layer and the
depletion region. In the present case, the built-in electric
field in the depletion region is E, ~ 20 kV/cm assum-
ing a built-in electric potential V5 ~ 1 V. At this field
strength, the drift velocity v, of an electron is expected
to no longer be proportional to electric field because of the
scattering of electrons from I" to L and X wvalley. In other
words, the relationship vy = u.Ep does not hold, where
e represents electron mobility. According to Ref. [37], vy
under this field strength takes the value of approximately
1 x 10° m/s. It thus takes approximately 5 ps for the elec-
tron to pass the depletion region. Therefore, the longer rise
time of 7z ~ 23 ps at 0.081 11J /cm? reflects the diffusion of
minority carriers in the p and » layers. However, suppres-
sion of the propagation effect is required to evaluate carrier
diffusion more quantitatively because such information is
reflected more directly at the early stage of photovoltage
buildup, where J, dominates over J; and thus Jio ~ J,
holds.
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7p is found to be approximately 7 ns at 0.081 pJ/cm?.
After the quasi-Fermi-energy becomes flat, epc and epy
approach each other because of the recombination of car-
riers, as shown in Fig. 5(d). Therefore, the observed decay
time corresponds directly to the carrier lifetime in the solar
cell. Previously, the carrier lifetime in solar cells relevant
to Vo degradation could not be determined directly if it
was shorter than the time scale accessible with OCVD.
The present method thus offers a unique opportunity to
obtain the on-site carrier lifetime of solar cells composed
of highly absorptive materials wherein carrier lifetime is in
the order of nanoseconds to picoseconds.

IV. CONCLUSION

In conclusion, we demonstrate that the picosecond
dynamics of photovoltage in a solar cell can be probed
by time-resolved photoemission spectroscopy. The rise
time of photovoltage is determined to be approximately
23 ps at a pump intensity of 0.081 wJ/cm?. For higher
pump intensities, the rise time becomes shorter, indicating
faster accumulation of carriers at the edge of the depletion
region. The decay time of photovoltage that corresponds
to carrier lifetime is found to be approximately 7 ns at the
same pump intensity. Our study introduces a new method-
ology that will enable on-site studies on the diffusion of
minority carriers as well as carrier lifetime in solar cells.
Because these properties directly affect the conversion effi-
ciency of solar cells, the present technique will benefit
the conquest for low-cost and high-efficiency photovoltaic
devices.
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