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The optical parameters describing the sub-bandgap response of GaSb/GaAs quantum rings solar

cells have been obtained from photocurrent measurements using a modulated pseudo-

monochromatic light source in combination with a second, continuous photo-filling source. By

controlling the charge state of the quantum rings, the photoemission cross-sections describing the

two-photon sub-bandgap transitions could be determined independently. Temperature dependent

photo-response measurements also revealed that the barrier for thermal hole emission from the

quantum rings is significantly below the quantum ring localisation energy. The temperature de-

pendence of the sub-bandgap photo-response of the solar cell is also described in terms of the

photo- and thermal-emission characteristics of the quantum rings. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4891223]

INTRODUCTION

Since the conversion efficiency of solar energy by a sin-

gle junction solar cell is ultimately limited by the loss of

sub-bandgap photons,1 a variety of so called third generation

solar cells have been proposed to try and surpass the single-

junction limit.2 An interesting approach is the use of an

intermediate-band (IB) within the forbidden gap of a single

junction cell,3 with the IB used to generate electron-hole

pairs through a two-photon process. This IB concept is illus-

trated in Fig. 1(a): when two photons with energy below the

bandgap energy are absorbed, the photocurrent results from

a photon exciting an electron from the IB to the conduction

band (CB), and the photoemission of a hole from the IB to

the valence band. The absorption strength of the various

transitions is denoted by their respective optical cross-

sections, such as valence- to intermediate-band absorption

(rVI), intermediate- to conduction band absorption (rIC), and

direct absorption across the forbidden gap (rVC). Alongside

the optical processes are the various thermal and Auger tran-

sitions of which the thermal emission of holes from the

intermediate-band to the valence band (eh) is the most rele-

vant for this study. Since the IB concept heavily relies on a

predominance of optical generation, controlling the various

IB processes is of great importance.

Although the desired sub-bandgap response of IB solar

cells have been achieved using various strategies, such as the

use of dilute semiconductor alloys4 and low-dimensional

quantum structures,5 a common short-coming has been a det-

rimental decrease in the open-circuit voltage (VOC) of the so-

lar cell.6,7 The reason for the reduced VOC is believed to be

due to thermal escape of carriers from the IB dominating over

two-photon absorption, leading to the output voltage ulti-

mately being limited by the sub-bandgap energy EIB.3 A novel

approach to the IB cell has been the incorporation of GaSb/

GaAs quantum rings (QRs) into the active region of a p-i-n

structure.6 Due to the characteristic type-II band alignment of

the GaSb/GaAs heterojunction, holes are strongly confined

within the GaSb nanostructure, whereas electrons are weakly

bound on the perimeter of the QR. Figure 1(b) depicts the

type-II band alignment of the GaSb quantum rings. As a

results of a relatively small effective mass,8 the localization of

holes within the GaSb ring results in a discrete hole state

(dashed line in Fig. 1(b)). The inhomogeneous size distribu-

tion of the quantum rings, however, gives rise to a band of

holes states roughly 400 meV above the GaAs valence band

(VB).9 This band of localized hole states has previously been

shown to extend the photo-response well below the GaAs

absorption edge.6,9 As with other IB solar cells, the increased

photocurrent is accompanied by a significant decrease in the

VOC of the solar cell.6 A recent approach has been the use of

blocking layers to hinder the current path between the IB and

the CB of the junction material.10 Although a significant re-

covery of the VOC was demonstrated, the photocurrent was

drastically impeded by the blocking layers. At present, the

only meaningful recovery of the VOC is by reducing the oper-

ating temperatures of the solar cell or by using concentrated

FIG. 1. Illustration of the optical and thermal transitions of an intermediate-

band solar cell (a), with sub-bandgap energy EIB. The type-II band structure

of the GaSb/GaAs heterojunction (b) results in hole confinement, with the

charging and discharging of the quantum structures governed by electron

emission (rIC) and optical/thermal hole emission (rVI, eh), respectively.
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excitation.11 It is therefore apparent that any future progress

will require knowledge of the optical and the capture/emission

kinetics of the quantum structures. The authors have therefore

set out to determine the optical properties of the intermediate-

band of quantum ring states, specifically the photoemission

cross-sections associated with electron and hole emission

from the rings (see Fig. 1).

EXPERIMENTAL DETAILS

The solar cell structures used in this study were depos-

ited using a VG-V80H molecular beam epitaxy reactor. A

detailed description of the growth procedure and the device

structure has been presented elsewhere.6 The active region

of the p-i-n diode contains ten GaSb/GaAs QR stacks, each

with a typical surface density of 1010 rings/cm2. Cross-

sectional transmission electron microscopy images showed

the rings to have an outer and inner diameter of roughly

23 nm and 10 nm, respectively, with a height of approxi-

mately 1.7 nm.6 These structures were processed into circular

solar cells with a diameter of 1 mm using standard photoli-

thography. The setup used for the photo-response measure-

ments is shown in Fig. 2. Both a modulated primary light

source and a second, continuous source were used. For the

primary light source, a 100 W tungsten halogen lamp, in con-

junction with a monochromator (equipped with a 600 lines/

mm ruled diffraction grating) and an achromatic depolarizer

was used, whereas a 7 mW, 525 nm light emitting diode

(LED) was introduced as the second source. The optical

chopper was placed at the entrance slit of the monochroma-

tor in order to minimize any reflections from the second

source off the chopper wheel. The spectral response of the

solar cell was obtained by measuring the short-circuit photo-

current using a Keithley 6487 pico-ammeter and a phase-

sensitive lock-in amplifier. Appropriate long-pass filters

were inserted to remove higher order diffraction lines. The

temperature dependent photo-response measurements were

performed using a close-cycle helium cryostat, with the solar

cell surface oriented normal to the primary optical axis.

RESULTS AND DISCUSSION

In a previous study,12 photocapacitance measurements

revealed that the GaSb/GaAs quantum rings could be opti-

cally charged or optically discharged, depending on the exci-

tation used, with photon energies above and below 0.9 eV

leading to charging and discharging, respectively. In the case

of the spectral response of the solar cells, the quantum ring

contribution to the photocurrent was also found to decrease

sharply for excitation energies below roughly 1 eV.9 Since

the QR states were shown to be distributed near the valence

band maximum (VBM),12 the main contribution to the pho-

tocurrent appears to be due to optical transitions between the

QR hole states and the conduction band, with no significant

photoemission of holes to the valence band. A likely expla-

nation for the absence of transitions to the valence band

emerges when considering the charge state of the rings dur-

ing optical excitation. For photon energies above the sub-

bandgap energy, EIB, the photoemission of electrons to the

conduction band will be accompanied by the thermal (and

optical) emission of localized holes to the valence band.

However, for photon energies below the sub-bandgap

energy, hole emission will dominate, leading to the complete

discharging of the quantum rings. Optical excitation with the

primary source alone will therefore result in the hole and

electron contributions decreasing concurrently for photon

energies below EIB; whereas if a steady QR charge could be

maintained, the primary source could potentially contribute

for photon energies below EIB through the optical emission

of holes to the valence band.

In order to maintain the QR charge, the solar cell was

therefore illuminated with an additional, above bandgap ex-

citation source. Some of the excess holes generated by the

second source are then trapped within the quantum rings,

leading to a steady-state quantum ring charge governed by

the thermal and optical emission kinetics of the rings. The al-

ternative setup used for the photo-response measurements

therefore consists of a modulated pseudo-monochromatic

(primary) light source in combination with a continuous

(secondary) 525 nm source. In order to maximize the hole

density within the quantum rings, the temperature was also

decreased for the photo-response measurements. The 16 K

photocurrent spectra of the GaSb/GaAs solar cell measured

with and without the second excitation source is compared in

Fig. 3(a). It is clear that the second source significantly

increases the response to photon energies below 1.1 eV, with

only a slight change in the spectral response at higher photon

energies. Since the second excitation source is expected to

maintain the QR charge through the trapping of photo-

generated holes, the authors attribute the increased response

to the photoemission of holes from the rings. Note that since

only modulated signals contributes to the phase-sensitive

measurement, the enhanced photo-response observed below

1.1 eV is due to an increased contribution by the primary

light source, with the second light source only impacting the

charge state of the quantum rings. It should also be noted

that the noise level of the photocurrent measurements

increased only slightly (from 2� 10�11 to 5� 10�11 A/cm2)

due to some scattering of the second source off the chopper

blades. The increased photocurrent for excitation energies

below 1.1 eV is therefore clearly not attributed to any modu-

lation of the second source. The position of the band of QR

states relative to the valence band maximum also suggests

that the entire band would contribute for photon energies

above 0.5 eV, thereby explaining the relatively constant

FIG. 2. Description of the photo-response setup used. The solar cell was illu-

minated using a modulated monochromatic source (primary), in combination

with a continuous, supra-bandgap photon source (secondary).

044304-2 Wagener et al. J. Appl. Phys. 116, 044304 (2014)
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response in Fig. 3(b) at low photon energies. Substituting the

525 nm source with the broad spectrum of a tungsten-

halogen lamp produced essentially the same result (not

shown).

In the case of an inhomogeneous size distribution of

quantum rings, we can assume that hole confinement results

in a continuous band of states, with the quantum efficiency

of the ensemble of VB to IB transitions, QEVI, (or the IB to

CB transitions, QEIC) for the particular photon energy EP,

given by the following relations:

QEVIðEPÞ ¼
ðEP

0

rVIfNðEÞdE ¼ �rVI

ðEP

0

fNðEÞdE; (1)

QEICðEPÞ ¼
ðEg

Eg�EP

rICð1� f ÞNðEÞdE

¼ �rIC

ðEg

Eg�EP

ð1� f ÞNðEÞdE; (2)

where rVI and rIC represent the two intermediate-band related

photoemission cross-sections described in Fig. 1(a), N(E) the

energy distribution of the QR density of states relative to the

VBM (with E¼ 0 at the VBM), f the fraction of QR states

occupied and Eg the GaAs bandgap energy. The mean photo-

emission cross-sections associated with electron and hole

emission from the intermediate-band are denoted by �rICðEPÞ
and �rVIðEPÞ, respectively. The band of QR hole states was

previously shown to be centered 407 meV above the VBM,12

with an integrated state density of 4� 1010 cm�2. Substituting

the integral in Eq. (1), the quantum efficiency (photocurrent

divided by the photon flux density) estimated for the VB to IB

transition of QEVI � 4� 10�6 (Fig. 3(b)) relates to a mean

hole photoemission cross-section of �rVI � 10�16 cm2. In the

case of the IB to CB transitions, however, the segment of the

IB (integral in Eq. (2)) needs to be known. Since the energy

distribution of the QR charge has previously been described

in detail in Ref. 12, a mean photoemission cross-section of

�rIC � 7� 10�16 cm2 could be estimated for transitions near

the C-point (EP¼ 1.1 eV), increasing to 7� 10�15 cm2 for

EP¼ 1.3 eV (see inset in Fig. 3(b)). Note that since the IB rep-

resents the localized hole states associated with a stack of

quantum rings, the cross-section of a single QR layer would

be a factor 10 smaller.

Analogous to the enhanced photocurrent observed for the

interband transitions would be the absorption spectra obtained

from photoinduced infrared absorption spectroscopy.13

Although the photoluminescence (PL) of type-II heterostruc-

tures have been intensively studied, very few absorption

results have been reported. In the case of a type-I band align-

ment, Sauvage et al. estimated the optical cross-sections of

the in-plane polarized absorption of self-assembled InAs/

GaAs quantum dots to be approximately 1.8� 10�16 cm2 and

1.9� 10�16 cm2 for electron and hole emission, respec-

tively.13 However, in order to relate the optical cross-section

of the InAs quantum dots to the absorption spectra, the den-

sity of occupied states had to be estimated using a doped ref-

erence sample. By combining the photocurrent and

photocapacitance characteristics of the solar cell, we therefore

have the clear advantage of relating the absorption strength

directly to the density of QR states.

Returning to Eq. (1), it is apparent that irrespective of

the occupation of states, QEVI starts to exceed QEIC as the

integrated density of states in Eq. (2) becomes negligible,

i.e., when the photon energy is below the sub-bandgap

energy of the quantum rings, i.e., EP<EIB. The difference in

quantum efficiency of the two spectra is depicted in Fig.

4(a). The increased contribution by QEVI is illustrated by the

increase in the relative quantum efficiency within the grey

segment. Since QEVI is expected to be relatively constant,

the band of QR states is expected to roughly lie between

Eg� 1.09 eV¼ 430 meV and Eg� 0.87 eV¼ 650 meV above

the GaAs VBM, with the relative increase in the quantum ef-

ficiency at low photon energies described by the right-hand

integral in Eq. (2). Treating the optical cross-section as a

variable, the density of states N(E) is then related to the par-

tial derivative of the relative QE in terms of the photon

energy. Figure 4(b) depicts the energy dependence of the QR

state density obtained using the delta spectrum in Figure

4(a). By adjusting the energy axis relative to the GaAs

bandgap (i.e., abscissa¼Eg�EP), we find that the QR state

density has a distribution centered 409 meV above the VBM,

with the distributions well matched when using a constant

photoemission cross-section of �rIC¼ 3� 10�16 cm2 for pho-

ton energies below 1.1 eV.

In an earlier study, the density of localized hole states

was estimated from the excitation dependence of the photo-

capacitance, with the energy distribution shown to be com-

posed of two Gaussian distributions centered 188 meV and

407 meV above the VBM (solid line in Fig. 4(b)).12 Based

on the PL spectra of similar structures, the two bands have

been ascribed to the wetting layers (WLs) and the quantum

rings, respectively.14 The distribution obtained from the

FIG. 3. Low temperature (16 K) photo-

current spectra (a) of the GaSb/GaAs

quantum rings and wetting layers

obtained using a modulated pseudo-

monochromatic light source (primary)

with and without a second continuous

525 nm source. The external quantum

efficiency obtained with the two exci-

tation conditions are compared in (b).

The inset gives the spectral depend-

ence of the electron photoemission

cross-section from the intermediate-

band.
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enhanced QE spectrum is found to be well matched to the

photocapacitance analysis, with the slight broadening attrib-

uted to the sensitivity of the distribution to the differential

operation. Although the enhanced response depicted in Fig.

3(b) is clearly related to the energy distribution expected for

the QR states, the absence of any enhanced WL response

suggests that thermal hole emission (or tunneling) from the

WL states to the GaAs valence band dominates over

photoemission.

An important observation related to the addition of a sec-

ond excitation source during the photo-response measure-

ments is the slight decrease in the QE for photon energies

above 1.06 eV (see Fig. 3(b)). This is depicted more clearly

by the negative relative response in Fig. 4(a) for photon ener-

gies above 1.06 eV. This decrease in the QR response was

also found to be proportional to the intensity of the second

excitation source (not shown). Although a decrease in QEIC

is most likely attributed to an increase in the number of occu-
pied hole states (increase in total QR charge due to hole trap-

ping), it appears that the gain in QEVI significantly exceeds

the overall loss in QEIC. A possible explanation for the rela-

tive insensitivity of QEIC to the occupation state of the quan-

tum rings could be two-photon excitation, whereby a

combination of photo-filling (IB to CB transitions) and emp-

tying (VB to IB transitions) of the QR states results in the

photo-generation of electron-hole pairs. A detailed balance

model for the IB solar cell was developed by Strandberg and

Reenaas15 to describe the photo-filling of the IB under differ-

ent levels of light concentration. In the case of low light

intensities, the need to prefill the IB by means of doping was

emphasized, whereas photo-filling was found to be sufficient

under several hundred suns of concentrated light. Although

two-photon absorption is typically described for a continuous,

partially filled band of intermediate states, the QR hole states

are anticipated to be spatially isolated from each other. Based

on the band offset and effective hole mass of the GaSb/GaAs

quantum rings,9 the evanescent decay within the GaAs barrier

should have an attenuation factor in the order of 103 nm�1 for

the observed distribution of QR states. Due to the 40 nm thick

barrier layer between successive QR stacks, the IB can there-

fore be thought of as an ensemble of discrete, spatially

isolated hole states. The charge state of a particular QR dur-

ing illumination can then be considered to be independent of

the remaining distribution of QR states, whether charged or

not. The two-photon absorption associated with the band of

QR states is then instead represented by an effective optical

cross-section �rVIC ¼ 1
2

�rVI�rICð Þ= �rVI þ �rICð Þ. In other words,

for sufficiently low temperatures (i.e., when thermal hole

emission is negligible), the spectral dependence of the optical

generation rate eo would be described by

eo EPð Þ ¼
eo

ICeo
VI

eo
IC þ eo

VI

; (3)

eo
VI EPð Þ ¼

1

2
U EPð Þ

ðEP

Eg�EP

rVIN Eð ÞdE; (4)

eo
IC EPð Þ ¼

1

2
U EPð Þ

ðEg

Eg�EP

rICN Eð ÞdE; (5)

where U(EP) represents the energy distribution of the photon

flux density. Note that the occupation factor f has been set to

50% in Eqs. (4) and (5), with the contribution by the two

integrals assumed to be roughly equivalent for the band of

QR states. In the absence of a second charging source, a

photon with energy above the sub-bandgap energy (EIB

� 1.1 eV at 16 K) would be required for every VB to IB

transition. The two-photon absorption edge associated with

the effective emission rate described in Eq. (3) will there-

fore still be determined by the sub-bandgap energy EIB of

the intermediate-band.

In order to describe the thermal hole emission kinetics of

the QR states, the relative quantum efficiency presented in

Fig. 4(a) was measured for a range of temperatures. Figure

5(a) depicts the temperature dependence of the VB to IB tran-

sitions. The photoemission of holes from the IB to the valence

band is found to gradually decrease above 50 K, with no dis-

cernible optical hole emission above 200 K. Two-photon ex-

citation via the localized QR states is therefore expected to

dominate the sub-bandgap response at low temperatures, with

electron photoemission and thermal hole emission governing

the photo-response above 200 K. The temperature

FIG. 4. Relative quantum efficiency (a) obtained by subtracting the efficiency spectra in Fig. 3(b) from one-another. The solid line represents a fit of the rela-

tive QE using a logistic function. The density of hole states (b) was obtained by differentiating the relative QE within the grey segment in (a). The energy axis

has been adjusted relative to the GaAs bandgap (i.e., bandgap energy minus transition energy). The solid line in (b) represents the density of states obtained by

photocapacitance spectroscopy performed on the same structure.12 The two approaches were best related when assuming a constant photoemission cross-

section of �rIC¼ 3� 10�16 cm2 for EP < 1.1 eV.

044304-4 Wagener et al. J. Appl. Phys. 116, 044304 (2014)
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dependence of QEVI is well described across the whole tem-

perature range by the following dual loss equation:

I Tð Þ ¼ I0

1þ A1 exp �E1=kTð Þ þ A2 exp �E2=kTð Þ ; (6)

where I0 represents the zero Kelvin response, k is the

Boltzmann constant, and E1 and E2 are the activation ener-

gies of the quenching processes. From the best fit of Eq. (6),

we obtain an activation energy of (152 6 30) meV for the

thermal quenching of the hole current at high temperatures.

This compares reasonably well with the thermal quenching

observed for the QR photoluminescence, with the intensity

(Fig. 5(b)) exhibiting an activation energy of (231 6 29)

meV. As expected, the QR photoluminescence is closely

related to the hole emission kinetics of the quantum rings.

Furthermore, the 219 meV energy difference between the

mean hole localization energies of the quantum rings and the

wetting layers (Fig. 4(b)) suggests that thermal hole emission

from the quantum rings occur via the wetting layer, leading

to a notably reduced emission barrier.

Even though hole emission from the quantum rings is

found to be highly temperature dependent, decreasing by

two orders of magnitude between 50 K and 200 K, the total

sub-bandgap response of the solar cell is found to exhibit a

significantly weaker temperature dependence. Figure 6

depicts the 1.1 eV photo-response of the solar cell measured

between 16 K and 300 K using the primary light source

alone. In order to describe the temperature dependence of

the sub-bandgap response, we relate the photocurrent JPC to

the optical generation rates (i.e., eo
VI and eo

IC), as well as the

thermal hole emission rate eh, using the relation

JPC EPð Þ ¼ bq
eo

IC eo
VI þ ehð Þ

eo
IC þ eo

VI þ eh
; (7)

where b denotes the carrier extraction efficiency of the solar

cell and q the unit charge. Since the QR stacks are distributed

within the space-charge region of the junction, we can

assume b to be constant and near unity throughout the QR

distribution. We have also assumed that the sub-bandgap

reflectivity is negligible for the spectral range considered. For

sufficiently high temperatures, where eh � eo (i.e., thermal

emission greatly exceeds the optical transition rates), the pho-

tocurrent is anticipated to be proportional to eo
IC (i.e., the opti-

cal IB to CB transition rate), whereas the photocurrent will be

determined by the effective photoemission rate eo (Eq. (3)) at

sufficiently low temperatures (i.e., eh � eo
VI). The quantum

efficiency associated with the band of QR states is therefore

expected to increase by a factor (1þ �rIC=�rVI) with tempera-

ture, displaying two clear temperature regimes.

Figure 6 gives the temperature dependence of the QR

related response for photon energies lying within

1.10 6 0.05 eV. Due to the temperature dependence of the

GaAs bandgap, the spectral response curves were translated

in order to match the GaAs absorption edge of each of the

spectra (not shown). From Eq. (7), the ratio between the high

and low temperature values relates to a photoemission cross-

section ratio of �rIC=�rVI � 3. The spectral dependence of the

QR response was previously simulated by describing the op-

tical cross-section using Lucovsky’s d-potential model.9

Based on the relative effective masses of the GaSb/GaAs

heterostructure,8 as well as the position of the QR states

within the gap (i.e., 407 meV above the VBM), a ratio of

�rIC=�rVI � 0.5 would be expected for deep level optical tran-

sitions near the C-point. The optical cross-sections describ-

ing the intermediate-band transitions therefore appear to be

better matched than initially deduced from Fig. 3(b), with

the small value of �rVI � 10–16 cm2 likely due to the incom-

plete filling of the QR states during excitation with the sec-

ond source (i.e., f < 1 in Eqs. (1) and (2)). The enhanced

FIG. 5. Temperature dependence of (a)

the VB to IB contribution to the quan-

tum efficiency of the solar cell and (b)

the integrated QR photoluminescence

of the solar cell. The photolumines-

cence was obtained using an unpro-

cessed device structure. The solid lines

and the respective energies represent

the fitting results obtained using Eq.

(6).

FIG. 6. Temperature dependence of the external quantum efficiency of the

GaSb/GaAs quantum rings for EP � 1.1 eV. The solid line represents the

best fit obtained using Eq. (7) and an activation energy of 152 meV (obtained

from Fig. 5(a)) for the thermal emission of holes from the quantum rings.

Note the linear scale for the ordinate axis. The ratio between the high and

low temperature responses relates to �rIC=�rVI � 3 for IB to CB transitions

near the C-point.
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photo-response (QEVI) observed can therefore potentially

match the primary response (QEIC) if a sufficient QR charge

could be maintained, e.g., through doping or increased

photo-filling. Table I lists the various parameters used to

describe the short-circuit photo-response of the GaSb/GaAs

solar cells. By assuming that the optical excitation between

the localized hole states and the conduction band extends

beyond the C(k¼ 0) point, the energy distribution of the QR

states could be consistently described by each of the three

approaches considered.

CONCLUSIONS

By relating the quantum efficiency of the quantum ring

photo-response to the integrated density of hole states, a

mean optical cross-section of 7� 10�16 cm2 could be esti-

mated for photoemission of electrons from the band of quan-

tum ring states to the conduction band minimum. Using a

second excitation source to maintain the quantum ring

charge, optical hole emission was observed at low tempera-

tures, confirming the two-photon contribution to the GaSb/

GaAs solar cell response. The optical emission of holes to

the valence band has also been shown to exceed thermal

emission for temperature below 200 K, with the hole emis-

sion rate exhibiting a thermal activation energy of

(152 6 30) meV. Based on the average localisation energy of

holes within the quantum rings, as well as the relative posi-

tion of the wetting layer states, the authors propose that the

effective hole emission barrier is significantly reduced by the

proximity of the wetting layer. The temperature dependence

of the sub-bandgap photo-response has also been described

in terms of the optical and thermal emission rates, with the

weak temperature dependence exhibited ascribed to closely

matched electron and hole photoemission cross-sections.
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Parameters This study Photocapacitance Spectroscopy12 Photocurrent Spectroscopy9

Electron photoemission cross-section near C-point, �rIC (EP¼ 1.1 eV) 7� 10�16 cm2 … …

Hole photoemission cross-section �rVI (EP< 1.1 eV) 10�16 cm2 … …
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Thermal hole emission barrier (152 6 30) meV … …

Mean QR localisation energy 409 meV 407 meV �380 meV

Density of quantum ring states … 4� 1010 cm�2 …
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