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Abstract:

The effect of different quantum structures in the intrinsic region of a pin junction solar cell (SC)
on the optical and electrical properties have been investigated. SCs with different quantum
structures, such as, Stranski-Krastanov (SK) quantum dots (QDs), quantum well (QW),
submonolayer (SML) QDs (0.25 ML, 0.5 ML and 0.75 ML) and a quasi-monolayer (1 ML) InAs
stack, were fabricated while keeping the total InAs content the same in all SCs. In a comparison
of performance, the SML-QD sample delivered superior performance (Almost 23% relative
efficiency improvement compared to reference SC) compared to the other devices. These findings

present a promising alternative to SK-QDs as intermediate band in photovoltaic applications.



1. Introduction

The intermediate band solar cell (IBSC) concept was proposed to enhance the solar cell (SC)
efficiency over the Schockley-Queisser thermodynamic limit of a single junction solar cell [1]. For
example, the enhancement in efficiency can be accomplished by extending the solar absorption
spectra of a semiconductor by capturing sub-bandgap photons via a narrow band of electronic
states that exist within the semiconductor energy band gap. Efficiency enhancement by IBSC has
been the topic of intense investigation and debate since its inception [2]-[8]. However, when
adding an intermediate band to a SC, there is agreement that a quasi-fermi level discontinuity
(AQFL) is needed between the intermediate band and the conduction band, to maintain the open

circuit voltage (Voc) of the SC [9].

One experimental realization of an IBSC utilizes vertical stacks of InAs Stranski-Krastanov (SK)
QDs embedded in the intrinsic region of a GaAs pin diode [10] for the sub-bandgap electronic
states. As a result, sub-bandgap photons absorbed in these solar cells promote carriers into the
confined states. These carriers can then be extracted into the barrier’s bands by either a second
photon absorption, thermal escape or tunneling. By extending the solar absorption spectra, the
short-circuit current (Isc) is therefore enhanced. Devices utilizing this strategy, unfortunately have
suffered from degradation in open circuit voltage Voc, which has ultimately resulted in efficiency
degradation in the SK QD [11] based IBSC [12]-[14]. Consequently, very few reports have shown
even a slight enhancement in efficiency over the reference pin solar cell [14][15]. However, if the

Voc degradation could be minimized, then the QD IBSC efficiency can be increased.

The main reasons for deteriorated efficiency of InAs SK QD based IBSC, are recapturing or
trapping of excess carriers and strain-induced defects [16]. Trapping mainly depends on the QD
size, where smaller QDs will result in reduced trapping [17]. However, this is a trade-off since
smaller QDs decreases absorption bandwidth. To explore this trade-off we investigated
submonolayer (SML) based InAs QD as an alternative method to the more conventional SK QD.
Submonolayer QDs, achieve a much smaller QD size [18]-[20] and higher uniformity in size.
SML-QDs are grown by depositing alternate layers of SML InAs (preferably 0.25-0.5ML) and
thin Ga(In)As barriers. Several advantages of SML-QDs over SK-QDs are smaller size, higher dot
density and uniformity [21].



This paper reports on an investigation of the comparative performance of different In(Ga)As
quantum structure solar cells: (1)SK-QD, (2) SML QD (3) quantum well (QW) and (4) a quasi-
ML InAs stack solar cell. Superiority of SML-QD based solar cell over both the SK-QD and the
InGaAs QW based solar cell (SC), is found. Significant improvement in efficiency over the
reference GaAs pin diode based solar cell is also observed. The effect of the different quantum
structures (in the intrinsic region of the SC) on the structural, optical and electrical properties were
studied by X-ray diffraction (XRD), photoluminescence (PL), external quantum efficiency (EQE),

and illuminated current-voltage (I-V), respectively.
2. Experimental Measurements:

All samples were grown by conventional Molecular Beam Epitaxy (MBE) on n'-GaAs (001)
substrates. In total, seven solar cell samples were fabricated. The reference GaAs solar cell (sample
S1) without any quantum structure had a p-i-n structure with a 10 nm p*-GaAs contact layer, 30
nm p*-AlpsGao2As window layer, 400 nm p'-GaAs emitter layer, 330 nm undoped GaAs, 1 um
n-GaAs base layer, 100 nm n"-AlosGao2As back surface field layer and 250 nm n"-GaAs buffer.
For the SML-QDSC s, four different SML-QD stacks of InAs (0.25ML)/GaAs (1.25ML) (sample
S2), InAs (0.5ML)/GaAs (2.5ML) (sample S3), InAs (0.75ML)/GaAs (3.75ML) (sample S4) and
InAs (1IML)/GaAs (SML) (sample S5) were grown in the undoped GaAs region. For the SK-QDSC
(sample S6), 2ML InAs was separated by 20 nm GaAs. Finally, a SC sample with a stack of
InGaAs QW (sample S7) was grown.

The total InAs content of ~30 ML was maintained for all samples containing InAs. The total
thickness of undoped region was kept constant (330 nm) in all samples. Thickness and composition
of epitaxial materials were controlled by reflection high energy electron diffraction (RHEED). For

SK-QD sample, 2D-3D transition was also monitored by RHEED.

For PL measurements, the samples were mounted in a closed-cycle cryostat (Janis CCS-150) with
variable temperature capability from 10 to 300 K. For the PL measurements, all samples were
excited by a 532-nm continuous-wave (CW) laser. The PL signal was detected by a liquid nitrogen
cooled CCD detector array (Princeton Instruments PyLoN: 1024-1.7) attached to a 50-cm focal-
length spectrometer (Acton 2500).



XRD scans were performed on PANalytical X’Pert MRD diffractometer equipped with a
multilayer focusing mirror, a standard four-bounce Ge (220) monochromator providing a
collimated and monochromatic incident Cu Kal source of radiation (A= 0.15406 nm), and a Pixel
detector. In this case, ®-260 scans, measured in the vicinity of GaAs (004) reflection, were used for
characterization of the layer’s thickness and strain. For device characterizations, AuGe/Ni/Au and
Ti/AuZn/Au were used for back and front ohmic contacts, respectively, in 5 mm x 5 mm solar

cells. No antireflection coating was applied to the samples.

The external quantum efficiency (EQE) measurement was performed at RT by QEX10 system
with a xenon arc lamp source dispersed by a monochromator. The current-voltage (I-V)

measurements were performed at RT under AM1.5 illumination with irradiance of 100 mW/cm?.

3. Result and Discussion:

A. X-ray diffraction (XRD):

Fig. 1 (a) shows the symmetric (004) »-26 scans for all samples. Compared to the reference sample
(S1), the periodic superlattice (SL) peaks can be clearly observed for all the samples, originating
from periodic repetition of different quantum structures. These sharp interference fringes and well
defined separation between them, give the information about the interface and the crystal quality.
To further investigate the quality, rocking curves (RCs) of zeroth-order SL (SLO0) peaks (marked
with red arrow in Fig. 1(a)) are measured and shown in Fig. 1 (b). The linewidth of SLO RCs and
GaAs RCs are listed in the Fig. 1. Linewidth of SLO peaks closely match with the GaAs RC
linewidth for all samples indicating that the effect of defects dominates over the effect of interface
roughness, in the RC linewidth. The SK-QD sample shows the smallest linewidth among all other
samples. Strain relaxation due to surface modification could be the reason for a lower defect
density and hence smallest linewidth in S6 compared to the other InAs samples. The 1ML InAs
stack (S5) shows the highest linewidth. Bigger InAs Islands for the 1ML sample would result in
higher strain and hence higher defects. Meanwhile, the slightly higher linewidth for S2 (0.25ML)
sample, among other SML samples, may be because of higher strain due to vertical alignment of
InAs islands which result in the formation of SML QD. We will discussion the differences in the

RC when comparing SC performance.
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Fig. 1. (a) ©-20 scans of all samples, red arrows show the 0" order SL peak (SL0) whereas red
broken line shows the GaAs peak; (b) RCs for SLO peak for all samples except S1; table shows
the RC linewidth of GaAs and SLO peaks.

B. Photoluminescence (PL)

Fig. 2 shows the PL spectra of all InAs samples at low temperature (LT, 10 K) and at room
temperature (RT, 300 K). Both at LT and RT, PL emission energy of S2 (0.25ML) and S3 (0.5ML)
samples are higher than S4, S5 and S7. This is expected due to stronger carrier confinement. The
PL peak position for SK-QD (shown in the inset) is further red-shifted compared to the other
samples because of the larger size of the InAs QD formation compared to SML QDs. For the
samples, the LT PL spectra shows a clear low energy tail while the RT PL spectra show a clear
higher energy tail. The low energy tail in the LT PL spectra is due to the localized states often
observed even for single SML InAs [22]. Meanwhile, the high energy tails in the RT PL spectra

are mainly due to thermal broadening due to strong exciton-phonon interaction [11].
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Fig. 2. (a) LT and (b) PL spectra of samples, inset of each plot shows the PL spectra of S6
(SKQOD).

C. External Quantum Efficiency (EQE)

Fig. 3 (a) shows the EQE spectra of all samples. The EQE spectra clearly shows the below bandgap
(~1.4 eV) photon absorption by samples containing In(Ga)As, indicating the additional
photocurrent generation compared to reference cell. As seen in Fig.3, the EQE behavior, as a
function of photon energy, is different for different SCs. For the purpose of discussion, the SC
spectra has been divided into three regions: I) region 1 (R1): EQE spectra for Sub-bandgap photons
(shown in Fig. 3(b)), II) region 2 (R2): EQE spectra for above bandgap photons (shown in Fig.
3(c)), III) region 3 (R3): EQE spectra for high energy photons (shown in Fig. 3(d)).

For region 1, sample S2 (0.25ML) shows the highest EQE for sub-bandgap photons. More
specifically, we observe higher absorption of sub-bandgap photons, and subsequent efficient
carrier extraction, for S2. The EQE spectra peak is slightly blue shifted for S2 compared to other

samples which is consistent with the RT PL.

For region 2, the SK-QD sample shows the lowest EQE in this region because of the carrier
trapping by relatively large QDs. Again S2 shows the best behavior which is as good as the

reference solar cell (S1) because of the reduced carrier trapping due to small size of SML QD.

For very high energy photons, or region 3, the EQE spectra (shown in Fig. 3 (d)) agree with the
RC results. Since the 1ML sample (S5) shows the highest RC linewidth, EQE is lower for S5. S3



(0.5ML) while S6 (SK-QD) shows the higher EQE consistent with smaller RC linewidth. Hence,
EQE behavior for high energy photons is dictated by defects in the GaAs material.
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Fig. 3. EQE spectra of all samples (a) for broad wavelength range (shaded rectangles show
three different regions), (b) for sub-bandgap photons, (c) for above bandgap photons; (d) for
high energy photons.

D. Illuminated I-V

The illuminated I-V characteristics for all samples are shown in Fig. 4. The open circuit voltage
(Voc), short-circuit current (Isc), Fill factor (FF) and efficiency (1) of these devices are shown in
Table 1. Compared to the reference solar cell, all other cells show a lower value of Voc. However,
the S2 (0.25ML) sample shows only a negligible decrease in the Voc compared to the reference
SC. The observed Voc degradation in all the SCs is due to the introduction of the smaller band gap

(InAs) intermediate level, into the intrinsic region of the reference SC and the different



recombination mechanisms in the interband structures [23]-[25]. The discrete density of states in
the SML QDs favor AQFL which is a required condition to maintain Voc. Additionally, the smaller
size of the QDs compared to SK-QDs results in reduced carrier trapping. The SK-QD sample
shows the lowest Voc (even though the sample has the best material quality as indicated by XRD
RC (Fig. 1(b)) due to carrier trapping by the large size of the QDs. In order to fully understand the
Voc degradation mechanism, a more comprehensive understanding of the recombination processes

in these nanostructures is required.

Most of samples (except S4 and S6) show an enhanced short circuit current (Isc) due to the
enhanced excess carriers by the sub-bandgap photon absorption. Carrier trapping in S6 and carrier
recombination due to interface roughness between GaAs and InAs in S4 are the possible reasons
for inferior Isc in these samples. Interestingly, even with the poor material quality of S5 (1ML)

sample, it shows significant enhancement in Isc mainly because of smoother interface between

GaAs and InAs [22].

Table 1. Solar cell device parameters

Sample ID Voc (Volt) Isc (mA) FF n (%)
S1 (Reference) 0.78 4.48 61.4 8.6
S2 (0.25ML) 0.78 4.88 69.1 10.6
S3 (0.5ML) 0.75 4.69 65.1 9.2
S4 (0.75ML) 0.69 4.46 57.8 7.1
S5 (IML) 0.71 4.65 68.8 9.0
S6 (SK-QD) 0.59 4.23 59.6 6.0
S7 (QW) 0.69 4.66 68.9 8.9




—— 51 (Ref)
—— 82 (0.25ML)
——S3 (0.5ML)
——S4 (0.75ML)
—— S5 (1ML)
——S6 (QD)
—— 87 (QW)

Current (mA)

0
00 01 02 03 04 06 06 07 08

Voltage (V)

Fig. 4. llluminated I-V plots for all samples at RT under 1 sun illumination condition (AM 1.5G,
100 mW/cn?); Inset shows the SEM image of top contacts of fabricated solar cell device.

4. Conclusion:

We have investigated the structural, optical and electrical properties of different quantum
structures (SK-QD, QW, SML-QD, quasi-ML InAs stack) in the active region of a pin junction
SC. For the same InAs content, SK-QD shows the least defect formation whereas 1ML InAs stack
shows the poorest material quality. PL results indicate strong confinement for 0.25 ML and 0.5
ML samples. Complementing its better optical properties, the 0.25 ML based SC shows the best
EQE behavior indicating higher absorption of sub-bandgap photons, and subsequent efficient
carrier extraction. Finally, the SML-QD based SC samples show significant enhancement in

efficiency over reference SC mainly because of their high QD density and smaller QD size.
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