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Abstract

InGaAs Quantum WiregQWr) IntermediateBand Solar Cellsbased nanostructures
grown by molecular beam epitaxy (MBEjre studied. The electrical and interface
propertiesof these solar cell deviceas determined byurrentvoltage (V) and
capacitancé voltage (GV) techniques were found thange with temperature over a
wide range of 20340 K. The electron and hole trgpesenin these devices have been
investigated using deep level transient spectroscopy (DOF&DLTS results showed
thatthe trapsdetected in th€Wr doped devicgare directly or indirectly related the
insertiono f t Hager $ed taldope the wirda addition,in the QWr doped devicg
the decrease dhe solar conversion efficiencies at low temperatures and the associated
decreas of the integratedexternal quantum efficiencQE through InGaAs could be
attributed todetected traps ks b, E2qwr_p and Ewr_pWwith activation energies of
0.0037 eV,0.0053 eV, an@.041 eV, respectively.
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1. Introduction

In a photovoltaicsemiconductodevice the inability to absorb light with energy
less than the bandgap and the loss of ptsotathenergies exceeding the bandgap as heat
are considexdto be the main fundamental effects that lintst efficiency[1]. Recently,
thesocialinterestin exploiting the solarenergyusing the photovoltaic effect has leda
tremendouicreasen the demand of solar cellBhereforgit is essential to develapew
technologes and concepts of producing solar cells in order to incrdeseefficiency.

In 1961, William Shockley and Hans Queisser calculated the maximum theoretical
efficiency limit of p-n junctionbased photovoltaisolarcellsto be 30% for an optimized
semiconductobandgapmf 1.1 eV. This limitis known as ShockléyQueisse limit or the
detailed balance limit of efficiendy]. This formalism has been usedrhginy authors to
model solar cell§1]. Consequently, different approaches have been proposed and
attempted in order to exceed the efficiency of solar cells above that limit. Tandem solar
cells, multiband solar cells, hot carriers solar cells, intermediate level solar cells, impurity
level solar ells, and quantum well solar cells are good examples of these appri@ches

In 1997, Luqueet al [4] theoreticallypredictedthe intermediate band solar cells
(IBSC) to increase the efficiency of solar cells up to 63.1% under maximum concentrated
sunlight. The main principd of these cells is to introduce one or more electronic bands
(called intermediate bands or levels) inside the main bandgap of a conventional
semiconductof6, 7]. Hence, the intermediate band solar calis expected to havan
increase in photocurref] without voltage degradatidi®].

The fabrication and investigation of IBSGbased devices have received
considerablenterest worldwideébecause ofheir relevancen enhanced efficiency solar
cells[7]. Spediically, the three maiapproaches adoptedfabricateanIBSC are(i) use

of quantum dot technology as a way of engineering the 1B matéijadirectsynthesis



of the IB materigland(iii) formation of a localized absorber layer within a highly porous
large bandgap semiconduc{@&. However, amongst theskreemethodsthe quantum
dot (QD) technology is the most promising techniquestdisethe IB idea ando study

its principle of operatiof]. In this techniquea QD structure is insertedetween the
bandgap of the conventiorsgmiconductor so that charge carriers are quantum confined
in three directions. Consequently, this allows YWhich havea discretedeltalike
density of statego create the required intermediate band that has a separaté-gurasi
level from the conduction and valence band of the semicond[gtoHowever,the
incorporation ofQDs leads toa redudion of the photoelectrical conversion efficiency
(PCE) of QD IBSCdue tothe formationof strain and resulting dislocatiomgich lead

to the deterioration of the op@ircuit voltage Voc [10-12]. To increase the PCE of QD
IBSC, inserton of| - dopants into the Q®was propose(13, 14]. By usingn-type] -
dopants the electron intersubband quantum dot transitions Ww#l increased, the
recombination losses through QDs will be decreased as a resihié oéduction of
electron capture processes, and the deteriorativia.afill be inhibited Hence, this will
enhance thanfrared(IR) absorptiorand the photocurrent in QD IBJT3, 14].

Kunetset al. [7, 15 used the above principle to fabricate an IB8&vice
consistingof one dimensional InGaAs quantum wires (QWRS) struatstead of using
zeradimensional quantum dots (QDs) or tdimnensional quanim wells (QWSs). The
QWRs were inserted into a GaAs-pn junction. The QWRs structure has a good
configurationthat allow the device to have more efficient light absorption compared to
zeradimensional systenm{44]. Moreover, photocurreran be generated in the plane of
the QWR{16, 17]. In addition,QWRs areexpected to have applicable iiene of phote
generated carriefd7]. Kunetset al.[7, 15] also sudied the effects of ftype Si dela

doping on tle external efficiencyof this QWRsbasedIB solar cell structure.They



observed that at room temperature the solar energy conversion efficiencies of the
reference m junction and p-n solar cellsamples were 4.1 and 4.5%, respectively,
whereas samples with incorporated QWRs and delta doping showed an increase of the
efficiency upto 5.1% and 5%, respectivelowever, theyeportedthat theshortcircuit
current increases and causes a compargtieeler open circuit voltage, o¢ (20-50 mV)
which results in @everedegradation of the performance of the solar cell.

In thiswork, a detailednvestigation is carried out on electrically active defects in
a set of (311)A GaAs solar celll stf7fuctures
15]. The devicemvestigatecarep-n | @ b ePINl, e & i r ssta mypelH-egdr @melel e d
PI N, S e c 0 nsda mp éinfekea pedéant ewi t h gqlum@a Aisnfl avb e lelse d
QWR wundoped-)doprieh @i t h qlum@Ga Alar(l avb eQardse d
d o p.e dPstudywill help to getabetterunderstanding of the physical phenomena that
affect the efficieng of the abovesolar cell structuresising currentoltage (+V),
capacitance/oltage (GV), conventional DLTS and LaplacBLTS charactésation

techniques.
1. Sample Details

The detail of samples growth is given somewhere[&]sén summary, aolid source
MBE 32P Riber system asused to grow the devices on senmsulating (311)A GaAs
substratesit is well known that the high index (311)A plane is a good template for the
growth of QWRs. Also, in this pteea strong buikin piezoeletric field can be generated
in the presence of straJi8]. Thefirst GaAsp-n referencedevice(PN device, SE159)
consisted o& 400 nm GaAs buffer laygrown at a growth temperature 580 °C Then
the growth temperature was decreased to 54n#@ 1 um thick GaAs layer doped with
Siwas grown with high V/11I flux ratio (V/111=20). This low growth temperature and high

V/II flux ratio make the GaAs layer achiexehigh ntype doping efficiency on the



(311)A surface. his was followed bya 1 um thck ptype GaAs layer doped with Si
grown at ahigher growth temperature (580 °C) and low V/III flux ratio (V/I1I=7) to
achieve ptype conductivity The second reference device (PIN device, SE1éAich
was grown using the same grovabnditions anadonsised of the samkayers agshe PN
device,hasan additional330 nm thick GaAs intrinsic regiogrown at 540 °C and
sandwiched between the p and n lay&he third device (QWRIndopedievice, SE160)
whichwas grown byncorporatingan intermediate band in the GaiA®gion without any
intentional dopingThe tregion consisted df0 periods of 11 monolayers obuGa sAs
QWRs separated by a 30 nBaAsbarriers.The InGaAs quantum wires were grown at
540° C. Finally, thefourthdevice is gnilar tothe third device structure, but in the middle
of each 30 nm thick GaAs barriaa,Si n-typef - doping with a sheet concentration
N2p=1x10" cm? (QWR doped SE162)was insertedIn all the abovestructures, the
doping concentration of-typeand ptype GaAs layes wassx 10t cmi®and1x 10 e

3, respectively The samples were processed in circular mesas having diamiegae
em 400 em, 54 JorRBNpPINy QWRURH@pOcand Doped QWR devise
respectively These mesas were formed by weemical etching down then-type GaAs
contactlayer and 75nm AuGe/15nmNi/200nm Au was deposéd to form anO-ring
shapedn-type contact The top circular mesa ftype contact consistedf 100nm
AuZn/200nmAu. The n and p contacts were anneaetl0 °C for 2 minutes arb0 °C
for 30 secondsrespectively,using Rapid Thermal Annealing (RTA) techniquée
schematic diagrams of the solar cell devices investigated in this study are sHmunein
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33 RESULTS AND ONSCUSSI

3.1linvestigationoftheCur re2ert s(iJto | t(aM@b ar atct esi s

as Function of Temperature

Figures Za) and b) show the roontemperaturesemtlogarithmic and linead-Vv
plots ofall devices respectivelyFromtheroom temperatur@dV characteristisit is clear
that theinclusion ofani- region (PIN) and undoped InGaAwires (QWR undopedl
enhancehe performance of the devicescomparedo the referencN devices. On the

otherhand introducingn-type Siti doping (QWR doped leads taa deterioraion of the



performance of the devicess shownin figure 2(a), at a reverse bias ot V, there is one
order magnitude reduction in theakage current density the QWRundopeddevices
compared to the PIN deviseand two ordes of magnitudewhen compare to the
referenceéPN devics. However, he QWRdopedsampleshave the highest dark current
densityat all reverse biasoltagesamongstall devices.The decreas®r increase in the
leakage currentwhich could beattributed toa decreaser increaseof the number of
defectsand theirconcentratios, will be further investigated using DLT&xperiments.
Furthermore, the QW undopeddeviceshave the lowest forward current deity as
compare to all theother devicesHowever,Hao Feng Liet al [19] reported an increase
of theforward current densityat 310 Kwhenincorporatinglng sGasAs quantum daito
GaAs p-i-n solar cels grown on n" GaAs (001) substrageby metal organic chemical
vapourdeposition They related this behaviour to the creation of additional recombination
paths via QD states as a result of the presence of QDs in the depletion Viegeover

it can be seen frorfigure 2(b), the QWRundopel devices have a turn-on voltage Yon)
of 0.77 V, which ishigherthan theVon of thePIN devices (Von ~ 0.68 V). Thisbehaviour
can be explained by theeationof new defects states the undoped-iegion where the
QWRs are incorporatetHowever the QWRdopedsampledavethe lowesion ataround

051V, while the reference PN devisbave Von around 67 V.
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In order toget more insight in the functioning of thei-n devices,the dark v
measurements as a function of temperature {208K at 20 K intervals) werearried
outfor all devices however, for clarity purposes, only selected presentative curvies (20
320 K at @ K intervals)areshown infigure 3 The steady increase the forwarddark

current with temperature for PIN devicgseefigure 3(b)) is normally attributed to the



exponential change of the concentration of the intrinsic canrjém,the depletion region
with temperatur¢20]. The forwardbiased darlcurrentdensitytransport characteristics
of the QWR undopeddevices have more pronouncedtemperaturedependenceas
compare to the reference devices, |.€N and PIN.While the forward darlcurrent
density for the QWR dopeddevices have less noticeabletemperaturedependences

compare to the PIN and QWRIndopedievices
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Figure 3. Semtlogarithmic plots of darkiV characteristics (a) PNb) PIN; (c) QWR
undoped and (d) QWR doped devices in the temperature range34f2R.

Additionally, at low temperatures the QWR undoped devices exhibit an
oscillation in the forwardark currents (see figure 4 for a temperature of 20K). The same
behaviour was also observed at low temperatures (T<70 K) by Hao Fen@lL|19] in
QDs based solar cell devices. They suggested that these complicated dark current

behaviours need to be interpreted by developing a new physical model for QDs solar cells



rather than using the conventional diode model. In contrast, the forward daktafrr

the QWR doped devices follows a trend similar to that of the reference PN device.
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Normally, the forward bias dark current is produged standard{o-n solar cell
via two mechanismgjamely,recombination current in the space charge region (SCR)
and diffusion current through the SCR. Moreover, the change in the shape of the dark J
V curves as a function of temperature depends on thpetature dependence of the
concentration and carrier capture crssstions of different types of defects, as well as
tunneling effect$21]. Besides, for the QWR devices there are additional recombination
paths that are created via QWRs states and subsequently they will contribute to the dark
current. The carrier capture and recombination processes under different ctsege
and temperatures are the main parameters that control the amount of additional dark
current.

The-Vdharacteri sticanéaédodyuratliHerdetva cersd earr set
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whereV, is the thermal voltage.

Vtis given byV: = kgT/q. The localideality factors for all devices are calculated at room
temperature anthar valueschange withvoltage asshownin figure 5 Three different
regions generally appearound0.2V, 0.4V and 0.5V indicatinthe currents transition
betweendifferent dominating mechanisnj9, 22 in the devicesThe n(V) behaviour

over certain voltage ranges is similar for all devices. However, the QWR devices have
unique trends at other voltage range3his suggeststhat some mechanisms are
presumably enhanced or suppressed after adgiwgs, and some of the mbanisms

are possibly unique to the QWdRvices It is worth pointing out that these results are in
good agreement with the previous studyried outby Kunetset al. [7] for the same

devices.

——PN
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300K
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Figure 5. Voltage dependence of the logdeality factor for PN, PIN, QWRindoped
and QWRdopeddevices at 300 K.

To gain better understandingabout the different conduction mechansm
occurring inthe investigated devicethe local ideality factoversus voltagat different
temperatureswere determined for all devices asillustrated in figure S1 (see

11



supplementary informationAs can beseen,for each devicdghere are twaoticeable
behaviourobservedtlow voltageandhigh voltageegions In particular, at low voltage
all devicesexhibita clear peak. Howevdnr the QWRs devicesthis peak beemesmore
significant (n>>1) as the temperaturéecreasg and it shifts to higher voltage
Conversely for PN and PIN devices thibw voltage peak is almost temperature
independent anbdasa very smallamplitudeascompare to the QWRs deviceswheren
is much greater than unitit is well-known thattunnellingor generation/ recombination
processes can account farge ideality facta (n>1) [23]. These processes could also
explain the large ideality factors observed in samfhes$ incorporaé QWRs in the
intrinsic regionand whichcreate an additional currecdbmponenthatcontributes to the
total curreniof the devicesThusthetrend of the ideality factor at low voltagpsovides
evidence oenhanced recombinatiaa QWRS in these device# similar behaviour has
been reported in QDs based solar cell devide$. Furthermore, for QWRloped
samplesas a result ofi-type Silii doping the electros will easily occupy the QWRs,
and his leadsto astronglocal potentialbarrier aroundthe QWRs. Thus, the electron
mobility in the conduction band can be reduced as a reswar@dtions ofthe local
potential aroundhe QWRs[11]. As aresult, the I/ characteristics of #sedevices are
worsened as evidenced by thkiarger ideality factas. It is worth pointing out thata
similar behaviour of théocal ideality factorat low voltagebiaseswas observety Gu
Tingyi et al.[22] in INAS/InGaAs quantum doim-a-well (DWELL) solar cells and by
H. Kim et al. [24] in InAs quantum dotsolar cells As can be seen ifigure S1 (see
supplementary information)a higher voltagesthe local ideality factor increases
approximatively linearly with biafor all devicesThese large valueswrmallyreflect that
theseries resistance effdmcomes predominafit9, 22]. According to theobtained data,

thelocal ideality factor of th€IN and QWRundopeddevicesis temperature dependent

12



but the rate of change with the temperature is fastethitoundoped QWR device
However,for the PN and Doped QWR devices, the local ideality faistqrractically
temperaturéendependent.

Figure 6 displays the first derivative of the-\d characteristics ofall devices at

t emper at u.rfFerslaritpupdsesthelirstderivative of the </ characteristics

of all devices are replotted at 260 K as shown initiset of figure 6(d). A negative
differential resistance (NDRggion is only noticeable iRIN andQWR undopedievices

at temperatures above 200akd under higheiorward bias regimeThe appearance of

the NDR ispresumablydue totheresonantunnellingof electrons (or holes) through the
quastbound levels in the QWR regid@4, 25]. Clearly, figure 6(c) shows the increase

of the peako-valley ratioas the temperature increas@éile when the temperature was
reducecho NDR region was observe#lounget al [26] attributed he NDR behaviourat

room temperaturtd the resonant interbamahnelling(RIT) effect Thedisappearance of
theNDR at lowtemperaturess suggestedb be due to the effect of baigap widening at

low temperaturef26]. Thusin PIN and QWR undoped devices, the carriers are thermally
activated to the allowed bands from which they can tunnel. Therefore, at low temperatures
a few carriers are available in the band hindering the observation of mésomaelling,

as shown in figre6(b) and(c). Additionally, the thickness of the deltlped layer is an
important parameter of device design, having a direct influence on whether RIT occurs
or not [26]. Indeed, as can be seen in fig@), when the deltaoped layer is

incorporatedn the QWR devices, the NDR behamialisappears.
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3.2C-V Characteristics

In orderto determine the apparent free carrier concentrations and to have specific

understandingof the junction structure of these devices, capacitarattage (GV)

measurements have been performed at a frequency of 1IMHz.
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Figure 7 depicts the dependence of tbepacitance/area (C/A) as a function of
bias voltage recorded at temperatures 300 K and 20 K for all deWicd®e pn devices
investigated in this work a maximum room temperature capacitaneg jsCobserved in
forward biasessashown infigure 7(a). Cmaxincreases in the follomg sequenceCmax
(PN) < Cmaxe (PIN) < Cmaxz (Q WRU n d 0) § @ngla (QWRdoped. The saméehaviours
were alsoobserved by Gunawaat al. [27] in p-n wire-array solar cells with differen
microsphere diameters fabricated by lithography technique. dibssrvedan increase of
Cmax as the wire diameter increased. They suggested tisanhtimeasef Cnaxis due to
theextra cylindrical sheath surface of the wirkk$s worth pointingout thatin the devices
investigated bysunawarat al.[27] the wires wer&ertical, while in this studthe devices

incorporatedateral wires (QVRS).

554 (b) 20K
50_ — PN
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401 —— QWR doped

35+
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15
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Figure 7. Variation of capacitance/area with voltafg@e r P N, Pl N, amc doped
Doped QWRat@e00iKamrdgb) 20K.

As thestructure of the&levicesnvestigatedare pi-n junctionsthe capacitance is

expressed bthefollowing equation:

p Q W W
5 =

whered represents the thickness of the intrinsic region (gpthe depletion regions in

both n and p sides (cm), respectivelgd{ is the permittivity (F-crht) of GaAs (2.9 (3

15

(
















































