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According to the well-established light-to-electricity conversion theory, resonant excited carriers in the quantum dots
will relax to the ground states and cannot escape from the quantum dots to form photocurrent, which have been observed
in quantum dots without a p—n junction at an external bias. Here, we experimentally observed more than 88% of the
resonantly excited photo carriers escaping from InAs quantum dots embedded in a short-circuited p—n junction to form
photocurrent. The phenomenon cannot be explained by thermionic emission, tunneling process, and intermediate-band
theories. A new mechanism is suggested that the photo carriers escape directly from the quantum dots to form photocurrent
rather than relax to the ground state of quantum dots induced by a p—n junction. The finding is important for understanding
the low-dimensional semiconductor physics and applications in solar cells and photodiode detectors.
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1. Introduction

Practically, most photovoltaic devices including solar
cells and photovoltaic detectors incorporate a p—n junction
in a semiconductor utilizing photovoltaic effect to convert
light into electricity.!'=3 Large optical absorption coefficients
and great carrier extraction capability are conductive to solar
cells*! and photovoltaic devices.!! In order to fully absorb the
light, solar cells and photodiode detectors mainly make use of
bulk materials.[%! Furthermore, to obtain high crystalline qual-
ity, low-dimensional semiconductors have been applied in so-
lar cells!”-8! and photovoltaic detectors. )

Recently, quantum dots (QDs) have garnered exten-
sive interest for applications in optoelectronic devices be-
cause of their strong zero-dimensional confinement effects
with a §-function density of states.!!'%12] These characteris-
tics make the QDs to form their distinct quasi-Fermi level
and to restrict photo-generating carriers to the ground en-

13,141 Consequently, without additional excitation,

ergy level.l
carriers in the quantum restriction level cannot escape to
external circuit,['>1%! so QDs as an intermediate-band have
been suggested to utilizing low energy photon in the solar
spectrum.!!”-18] The principle is that one photon pumps an

electron from the valence band (VB) to conduction band of
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a QD, namely intermediate band (IB), while the second one

pumps an electron from the IB to the conduction band (CB) of

16,191 which can produce photocurrent from photon

[20

the barrier.!
absorption by QDs. >’ However, all investigations have failed
to preserve the open-circuit voltage of an IBSC compared to
that of a standard solar cell,!'®!%21] which is explained by tun-
neling and thermal emission processes.[?>23!

It is reported that the mechanism of IBSC has been con-
firmed when the photocurrent increases under two sub-band-

24.251 However, the experi-

gap energy lasers shone on IBSC.!
mental results cannot rule out the possibility that the photocur-
rent separately comes from the VB to IB transition or IB to

26271 respectively. Namely, it cannot confirm

CB transition,!
that the increase of photocurrent is caused by two successive
jumps. Thus, the carrier transport process is not clear so far.
In order to solve this problem, we use only one laser to pump
an electron from the VB of a QD to its CB, then find that a
p—n junction induces the most of photo-excited carriers to di-
rectly escape from the QDs to generate the photocurrent rather
than relax to the ground state under the short-circuit condition.
The results cannot be well explained by the current light-to-

electricity conversion theory.?%]
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2. Experiment

Two sample structures with n—n and p-n structures
(Fig. 1) were grown by molecular beam epitaxy on a GaAs
substrate. Experimental details are shown in Appendix A.
Sample A (Fig. 1(a)) consisted of ten layers of InAs QDs in-
side a GaAs host without a p—n junction; Sample B (Fig. 1(b))
was identical to Sample A except that it had a p—n junction.
Figure 1(c) shows the AFM observation of typical InAs QDs.
The InAs QDs exhibited a well-defined shape with an areal
density of 2.2 x 10’ cm™2. Judging from the individual QD
image, the typical diameter was approximately 20 nm, and the
effective dots height was about 6 nm. In our observation, no
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giant dot accrued in the scale of AFM image. After the epi-
taxy, two samples were fabricated into 2 mmx2 mm chips to
investigate their optoelectronic characteristics. In this exper-
iment, the excitation source was a semiconductor laser with
a wavelength of 915 nm, the corresponding photon energy of
1.35 eV that lies between the band gap of the GaAs (1.519 eV)
and that (0.41 eV) of InAs QDs; therefore, the photo-carriers
responsible for excitation were exclusively generated and re-
stricted in the QDs.!?] Since the absorption wavelength from
the CB of a QD to the CB of the GaAs barrier was ranging
from 2 um to 6 um,?%3 the photocurrent generating due to
IB to CB transition could be ruled out.

p-ohmic contact

n-ohmic contact

0 15.23
nm

Fig. 1. (color online) Schematics of two different ten-layer QD structures. (a) Schematic of Sample A. The InAs/GaAs multilayer dots are
the active region and are sandwiched between n-type and n-type GaAs; each of them consists of 2.2-ML InAs quantum dots and 50-nm GaAs
barrier layer. (b) Schematic of Sample B. It is deposited similarly, except that the n-GaAs is substituted by an equal thickness of p-GaAs.
(c) Atomic force microscope (AFM) image of InAs quantum dots. The scan area is 1 pmx1 pm.

3. Results and discussion

The photoluminescence (PL) spectra of Sample A were
measured at 150 K under the open-circuit condition and with
a 0.7-V bias to provide an external electrical field (Fig. 2(a)).
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The QD PL peak is fitted by Gaussian function and the FWHM
is 72.6 meV resulting from the inhomogeneity of the QDs,
which agree with these reported before.>!) The PL intensity
under the 0.7-V bias is reduced by 7.3% compared with that
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Fig. 2. (color online) The photoluminescence (PL) spectra of Sample A under resonant excitation at the wavelength of 915 nm, at 150 K, and
under an incident light with a power of 65 mW. (a) The PL spectra of Sample A measured for the open-circuit condition with a 0.7-V bias
using a laser power excitation of 65 mW. The PL intensity decreases by 7.3% when a 0.7-V bias is applied on Sample A. The PL peak position
of Sample A for the open-circuit condition is 1123 nm and is red-shifted to 1125 nm when a 0.7-V bias is applied. This red shift arises from
the energy band slant under the applied electric field. (b) Excitation-power-dependent PL integrated intensity and peak wavelength of the PL
spectrum for the open-circuit and 0.7-V bias conditions. The percentage of the PL intensity decreases from 90% to 65% with the decrease of
the light power. The PL peak position is blue-shifted from 1126 nm to 1123.2 nm and from 1128 nm to 1125.1 nm for the open-circuit and
0.7-V bias conditions, respectively. The PL peak positions are blue-shifted when the laser power is increased because of the band-filling effect.
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under the open-circuit condition; the peak shift resulting
from the quantum-confined Stark effect confirms that a bias
has been applied to the QDs.!*?! Moreover, the excitation-
power-dependent PL. was measured to confirm these results
(Fig. 2(b)). The PL intensity of Sample A linearly increases
with the increase of the power of the incident light. These re-
sults agree with those in the previous literature.!*3! The ratio of
the integrated PL intensity under 0.7-V bias to the open-circuit
one decreases from 90% to 65% as the light power decreases.
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The resonant PL spectra of Sample B were measured at
150 K under open- and short-circuit conditions (Fig. 3(a)), a
clear difference is observed in the PL intensity under the two
conditions. The integrated PL intensity in the short-circuit
condition is reduced to approximately 12% of the intensity in
the open-circuit. The reduction of the PL intensity indicates
that approximately 88% of photocarriers did not participate in

the recombination in QDs anymore.
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Fig. 3. (color online) The PL spectra and light-to-electricity conversion results of Sample B for the resonant excitation by light with a wavelength of 915
nm under an incident light with a power of 65 mW. (a) PL spectra of Sample A collected under the short- and open-circuit conditions. The PL integrated
intensity is reduced by 88% when the circuit is changed from open to short. Meanwhile, the PL peak position is blue-shifted from 1113.8 nm in the open-
circuit to 1108.6 nm in the short-circuit. This blue shift in the PL wavelength arises from the change in the Femi energy between the open- and short-circuit
conditions. (b) Excitation-power-dependent PL integrated intensity and peak position variation under open- and short-circuit conditions. The ratio between
the integrated PL intensity under the short-circuit condition to that under the open-circuit condition monotonically increases from 5% to 11.6%. The PL
peak position is blue-shifted from 1118.4 nm to 1114 nm under the open-circuit condition and from 1115 nm to 1109 nm under short-circuit condition. The
PL peak position is blue-shifted when the laser power increases because of the band-filling effect. (c) Excitation-power-dependent open-circuit voltage (Vo)
and short-circuit current (Js¢) at 150 K. The Ji is proportional to the incident light intensity, and the Vo is proportional to the logarithm of the incident light
intensity. (d) Inversely linearly related circuit current and PL intensity of Sample B under a 65-mW excitation power at 150 K.

To deeply investigate the phenomenon of PL intensity
quenching of Sample B under open and short-circuit condi-
tion, we varied the incident laser powers from 5 mW to 60 mW
to probe the PL spectra (Fig. 3(b)). Under the open-circuit
condition, the integrated PL intensity increases linearly with
the incident laser powers. However, when Sample B is short-
circuited, the integrated PL intensity increases parabolically
with the incident laser powers. The ratio of the integrated PL
intensity of Sample B in the short-circuit and open-circuit con-
ditions monotonically increases from 5% to 11.6% with the

increae of the incident light power, which means that at least

88% resonant excited carriers escape from the QDs to gener-
ate an optocurrent. We also measured the optovoltaic effect of
Sample B. Figure 3(c) shows the variation of the open-circuit
voltage (Vo) and short-circuit current (Ji) for different inci-
dent laser powers. In Fig. 3(c), the Jy is linearly proportional
to the incident laser powers, whereas the V. is proportional to
the logarithm of the incident laser powersity, consistent with
the law of solar cells,*! which means that the InAs QDs can
be used for solar cells and photodetectors.

To clarify the escape pathway of photon-generated carri-

ers, we connected a variable resistor to the circuit to adjust the
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circuit current (Fig. 3(d)) to allow PL spectra to be collected
for different circuit currents. These experiments reveal a linear
relationship between the current and the PL intensity. This re-
sult confirms that carriers escaping from the QDs to generate a
photocurrent dominate the carrier transport process, which in-
dicates that the QD structure can be applied in solar cells and
photodetectors.

The resonant excited photocarriers directly escape from
the QDs to generate the photovoltaic effect in Sample B (with
a p—n junction) under the short-circuit condition. However,
in Sample A (without a p—n junction), the resonant excited
photocarriers relax to the ground state and then recombine to
emit light under a 0.7-V bias. Because Samples A and B have
the same barrier height and thickness, thermionic emission
and tunneling processes cannot be used to explain the photo-
excited carriers escaping from the quantum dot.[?1-22:3435] 1t
can be deduced that the p—n junction induces the photocarriers
escaping from the QDs.

According to the established photon absorption model of
QD heterojunction, the basic absorption processes for different
values of energy hv are shown in Fig. 4(a). When hv > Eg, an
electron—hole pair is created and the excess energy gives them
additional kinetic energy, which will be dissipated as heat. 6]
In accordance with the above theory, the most of hot photo-
carriers should relax to the ground state for recombination,
only a few photocarriers can escape from the QDs through
the thermionic emission process or tunneling process. How-
ever, in our experiment we observed more than 88% carriers
escaping efficiency of Sample B under the short-circuit condi-
tion (Fig. 3(a)). Therefore, we speculate that the free photo-
carriers in InAs QDs cannot be restricted by barriers and di-
rectly drifted to p or n region to form photocurrent, as shown
in Fig. 4(b). This is the new mechanism of the carrier trans-
portation processes of QD applications for solar cells and pho-
todetectors.

Firstly, we compared the time of carrier drifting out of
the QD and the relaxation time to the ground state to check the
possibility that photocarriers can directly escape from the QDs
instead of relaxing to the energy level. It has been reported that
the time of an electron relaxing to the ground state is approx-

B For the short-circuit

imately several hundred picoseconds.
condition in Sample B (with a p—n junction), the competition
between the free excited-state carrier transits over the InAs
quantum and relaxes to the ground state, which is critical to
account for the experimental phenomenon. The time of the
free excited-state carrier transiting over the QD in the deple-

tion region is given by

t=-, ey

where A is the height of the QDs and v is the drift veloc-
ity of the electron or hole. Given that the electron mobilities
of InAs and GaAs are mainly larger than 2000 cm?-V—1.s~!,
the hole mobilities of InAs and GaAs are usually larger than
100 cm?-V~1.s71 371 and the built-in voltage is larger than
0.5 V, the time of the hole or the electron escaping from the
QD is on the order of femtoseconds. Therefore, the free excit-
ing carriers prone to escape from the QD rather than relax to

the ground state and emit light.
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Fig. 4. (color online) Sketch of the photon absorption and carrier trans-
portation processes of InAs quantum dots embedded in GaAs with a
p-n junction. (a) Schematic diagram of the established photon absorp-
tion and carrier transportation processes. When a photon with energy
hv > E, incidents to the sample, the high excited state free electron-hole
pair generate, and then relax to the ground state, finally the electron—
hole pair recombine and emit a photon. (b) Schematic diagram of the
new photon absorption and carrier transportation processes. InAs quan-
tum dots embedded in GaAs with a p—n junction under the short-circuit
condition. When a photon with energy hv > E; incidents to the sample,
the high excited state free electron—hole pair generate, and then escape
directly from InAs quantum dots to external circuit under the driving
force of the build-in electric field.

Secondly, we explains why photo-carriers can be ex-
tracted from the QDs by a p—n junction rather than by an ex-
ternal voltage bias. For Sample A, when the QD structure is
applied with an external bias, the electric-field distribution is
nearly uniform at the undoped region. Carrier drift velocity
is proportional to the electric field and carrier mobility. Elec-
tron mobility is faster than the hole mobility, which leads to
the electron drift velocity larger than the hole drift velocity.

Furthermore, the electrons drifted from QD region are more
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than the holes drifted from QD region. Thus, it will lead to ex-
cess holes accumulated in the device and forming a large pos-
itive electric field, in turn preventing carriers from escaping.
However, for Sample B, in the depletion region, the electric
field is a linear function of the distance through the junction
and the tendency reverses at the position of abrupt junction.
The slope of electric field can be adjusted by changing the
dopant concentration of p- or n-type region, respectively. The
electric-field distribution in the p—n junction can balance the
hole velocity to match the electron velocity, which diminishes
the blocking effect of current. The electric-field distribution
in the p—n junction facilitates the hole to be extracted and in
turn reaches a better electrically neutral condition. The unique
characteristic of p—n junction results in continuous carriers es-
caping from the QDs.

When the incident laser-beam power is 65 mW, we mea-
sure that the Jy. of Sample B is 2.82 mA at 150 K. The
incident-photon-to-current conversion efficiency is calculated
as 5.9% under the short-circuit condition. The effective ab-
sorption layer is ten layers of InAs QDs, which is approxi-
mately 60 nm in total, and the absorption coefficient of the
InAs QDs is calculated to be approximately 10* cm™!, which
far exceeds the theoretical calculation of 100 cm™! for the

38,391 The absorption coeffi-

sample without a p-n junction.!
cient we measured is underestimated because the surface re-
flection is not considered and the extraction efficiency of the
p—n junction is assumed as 100%. Such value is comparable to
the absorption coefficient of bulk GaAs near its band gap.!4"]
Considering the lower density of state and the localized wave-
function of zero-dimensional semiconductor material, it is rea-
sonable to deduce the p—n junction dramatically to enhance the
absorption of InAs QDs, which demonstrates that the QDs can
be easily used in solar cells and photodetectors.

The results in this study indicate that the final state of the
carriers is a free excited state in the QDs within a p—n junction
under the short-circuit condition. However, the absorption fi-
nal state would be a localized ground state, like the QDs under
the short-circuit condition in our experiments. Based on the
perturbation theory of quantum mechanics, the absorption co-
efficient is related to the density of states and the wavefunction
of the final state of the carriers.!*!! The changes of the phys-
ical nature increase the absorption coefficient when the QDs
within a p—n junction operate under the short-circuit condition.
The results deviate from the established theories of solar cells
and photodiode detectors, where the absorption coefficient is
assumed to be a constant for different conditions.

4. Summary

In summary, we have observed that the most photo-
excited carriers escaped from the InAs QDs with a p—n junc-

tion under the short-circuit condition, this finding challenges
the current light-to-electricity conversion theory. A new me-
chanics applying InAs QDs incorporate a p—n junction in solar
cells and photodetectors is deduced. It is found that the InAs
QDs can not only make the design of solar cells more flexible,
but also extend the spectrum response range of photodetec-
tors. It is visualized that our mechanism of photo-excited car-
riers escaping from the QDs can be extended to other materi-
als since the fundamental band-alignment and light absorption
process are essentially the same.

Appendix A Experimental details
A.1. Material epitaxy

Ten-layer InAs/GaAs QD n—i—n (Sample A) and p—i—
n (Sample B) structures were grown by a solid-source VG-
80H molecular beam epitaxy system on semi-insulating GaAs
(001) substrates. Ten QD layers with deposition thicknesses of
2.2 ML and grown in the self-assembled Stranski—Krastanov
mode were embedded in the middle of a 50-nm-thick intrin-
sic GaAs space layer. The InAs QDs’ deposition rate was
0.02 ML/s and the arsenic pressure was 1 x 107 Torr. A 20-s
growth interruption was introduced before the InAs QDs were
capped to promote the formation of a homogeneous popula-
tion of QDs. After the deposition of the GaAs buffer and
GaAs n' emitter, the rotated substrate temperature was re-
duced from 580 °C to 480 °C and maintained at 480 °C until
the end of the growth. The Si doping concertation of the n
electrodes was Np = 3 x 10'® cm™3, and the Si doping con-
certation of the field damping layer inserted into the structure
was Np = 6 x 10!7 cm™3. The Be doping concentration of the
p electrodes was Ny = 3 x 10'8 cm ™3, and the Be doping con-
centration of the field damping layer inserted into the structure
was Na =3 x 1017 cm 3.

A.2. Device fabrication

The samples were fabricated by patterning the samples
using photolithography and wet etching to achieve mesa isola-
tion and expose the n-GaAs buffer. The mesa area was 4 mm?.
The electrodes of Ti/Au (20/100 nm) were deposited onto the
p-GaAs in sequence by electron-beam evaporation. Then,
15/101/26/26/100-nm-thick Ni/Au/Ge/Ni/Au layers were de-
posited onto the n-GaAs for an n-ohmic contact. A wire bond-

ing system was implemented with Si/Al wire on the electrodes.

A.3. Photoluminescence measurement

The hypothermia photoluminescence intensity of Sam-
ples A and B was measured with devices mounted in a closed-
loop He-gas cryostat to maintain a stable measurement tem-
perature of 150 K. To achieve non-resonant excitation of the
electrons in InAs QDs, a 915-nm 130-mW semiconductor
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laser diode was used. The laser incident angle was approxi-
mately 30°. A beam chopper with a frequency of 1000 Hz was
set up behind the laser. A condenser lens was placed in front
of the cryostat to converge the spot. A neutral optical atten-
uator was used to adjust the excitation power. The PL signal
normal to the sample was modulated by a triple-grating 50-cm
monochromator prior to the analog lock-in amplifier (Stanford
Research Systems model 830) and then detected by an InGaAs
detector.
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