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DEVELOPMENT OF INDIUM ARSENIDE QUANTUM DOT SOLAR CELLS

FOR HIGH CONVERSION EFFICIENCY

by

Mohamed Abdel Rahman El-Emawy

B.S., Electrical Engineering, University of New M exico, 2006

M.S., Electrical Engineering, University of New M exico, 2008

ABSTRACT

Sunlight is the largest energy source availablesarth. Under clear conditions
there is approximately 1,000 watts per directlyideat square meter, which reaches the
earth everyday. Solar cells are devices that camsbd to collect such abundant form of
energy and convert it into electrical energy foilyd@onsumption. Therefore, it is
important to research this subject in order to iobiégh efficiency solar cells.

In this thesis InAs quantum dot (QD) solar cells studied and investigated. The
theory of using QDs as an intermediate band in Gaesed solar cells is introduced.
Three samples are grown for investigation, an MB&wvy GaAs control cell, an MBE
grown six-stack InAs QD solar cell, and an MOCVbwn three-stack InAs QD solar
cell. Inductively coupled plasma (ICP) etch with@#N, sidewall passivation and wet
etch using SN, sidewall passivation are implemented to processttar cells, to study

the effects of processing on the device performance

Vii



Spectral response measurements show photocuaieowe the GaAs wavelength
indicating the contribution from the InAs QDs inethstructure. From the I-V
measurements, efficiencies for the GaAs control, dBE six-stack InAs QD, and
MOCVD three-stack InAs QD solar cells are 8.95%8580, and 1.33%, respectively.
Wet etching with SN, sidewall passivation shows slightly higher effiag for the
MBE six-stack sample.

Sizing effects of the 5x5mm, 3x3mm, and 2x2mm f@ MBE grown six-stack
InAs QD solar cells show that the device efficieraryd open circuit voltage do not
change with size. The 2x2mm solar cell exhibitsriovement in the ideality factor, shunt
resistance, and saturation current.

Some future work suggestions are given to incréasdénAs QD solar cells such

as multilayer structures with embedded InAs QD gisiifferent processing techniques.
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CHAPTER 1 - Solar Céll Theory of Operations

Energy sources are crucial for the developmentwhdn societies. Everyday
different forms of energy are being consumed talpece electricity, which is a necessity
of everyday life. Sunlight is considered the latgesergy source available on earth.
There is approximately 1,000 watts per directlydeat square meter, which reaches the
earth everyday in clear conditions. Therefore, thain problem with today's high
demand for energy could be solved if the incidegihtl on the earth were harvested
efficiently. This can be achieved by utilizing @olcells, which collect the incident
sunlight and convert it to current. Unfortunatetyuch work is needed to improve the
solar cell efficiency, to absorb as much as possiblithe abundant incident light. In this
thesis, InAs quantum dot (QD) solar cells are iiced and examined. The main reason
of interest behind the QD solar cell is that it Hasen shown theoretically that the
calculated efficiency can reach as high as 63%If¢alized, this percentage will set an
all time record for solar cell efficiency. There#oit is important to introduce the basic

principles of solar cell operation, in order to engtand its basic functions.

1.1  Introduction

Solar cells are made of different semiconductoremats to convert solar energy
into electrical energy. The energy obtained frommdblar cells is a renewable source and
does not have any adverse effect to the environndmrefore, solar cells are expected

to replace many other sources with less operationst and minimum maintenance. A



solar cell is a pn junction device with no biasthgt delivers photocurrent to the external
load.

The sun’s energy is electromagnetic radiation witvelengths ranging from
roughly 0.2 — 3.0 micrometers. The sun’s radiatieaching the earth is reduced by
scattering and absorption in the atmospheric laygure 1.1 shows the solar spectral
irradiance where air mass zero (AMO) representssthar spectrum outside the earth’s
atmosphere and air mass one (AM1) is the solartgpecat the earth’s surface at the
equator at sea level at noddepending on the angle of incidence at which tlugateon
strikes the surface, the intensity can vary betv&hW/nf to 1000 W/m.

Photon Energy (eV)

43 215 1.0 0.8
2400 — ' '
1800
P Optical energy as
L seen from orbit
Intensity 1200 _ AM1 Optical energy at

Wim2fmicrons e noon on the

surface of the
Earth (no clouds)

600

0 0.4 0.8 1.2 1.6 2.0

Wavelength (microns)

Figure 1.1 Solar spectral irradiance. [2]

The efficiency of a solar cell depends on the nmaternt is comprised of, its
design, and the sun’s radiation characteristicshatlocation of operation. There are

different designs regarding solar cell structusesh as homojunction, heterojunction and



multijunction devices. These design structures smplemented to achieve high

efficiency solar cells [3].

1.2  Solar Céell Basic Principles
This section will cover the |-V characteristics thfe ideal and non-ideal pn
junction solar cell assuming uniform generationetéctron-hole pairs. From the I-V

characteristics, the solar cell efficiency andfalttor equations can be deduced.

1.2.1 Solar cell |-V characteristics

Consider the ideal pn junction shown in Figure With the external resistive
load, R. With no bias applied to the junction, an elecfied exists in the depletion
region. Under illumination electron-hole pairs whié generated and will be swept out
producing a photocurrerty in the reverse bias direction as shown in therégrhe
photocurrent produces a voltage drop across thd llaich forward biases the pn

junction. Therefore, a forward-bias currénts produced. The net current is given by [4]:

\ \ \ \ | Top Electrical

Contact -
Y, R
Fﬂ,_f"‘; — E-field

Depletion | +
Region P-type

I T

Ir
Back Electrical | —

Contact
Figure 1.2 A pn junction solar cell with the resistload.



I=|F—Iphzl{ex;{ av j—l}—lph (1.1)
n kKT

| = GAG(L, +L,) (1.2)

Where:

and

L L L L
Iy =qA[—“ Poo * 25N oj=qAn2(—“+—e] (1.3)
T, r, " N, TN,

By substituting equations 1.2 and 1.3 into equatioh we obtain the general |-V
relationship for a solar cell, which is:

L L qVv
| = gAY ——+—|lexg —— |-1|-gAG(L, + L 1.4
W [ThN TN, J( F(m](-rj ] welyrL) (14

a

Where:

ls reverse saturation current

n ideality factor

A area of the diode

G electron-hole pair generation rate {teec’)

Lh (Le) hole (electron) diffusion length in the n-sigeside)

Ih (7o) minority hole (electron) life time in the n-sidp-side)

Npo (Pro) equilibrium minority carrier concentration of eteons (holes) in the p-
type (n-type) semiconductor

N intrinsic concentration

Ng (Ng) donor and acceptor concentrations in the material



1.2.2 Non-ideal pn junction

In the non-ideal pn junction case, both the sedestancéss and shunt resistance
R, must be considered. The series resistance is st & the electrons’ paths in the n-
layer surface to the top metal contact. While,ghent resistance is the resistance through
the device which prevents photogenerated carriflewo It is desired to have the;Rery
small (~0) and Rto be very large (¢). Both parameters can greatly affect the soldr cel
performance, i.e. efficiency. Figure 1.3 shows #uggiivalent circuit for the non-ideal

solar cell.

A

Solar Cell Load

Figure 1.3 Non-ideal solar cell equivalent circuit.

Therefore, equation 1.1 can be rewritten as:

| =1 {exr{wj —1} " [%j -1, (L5)

nkT o

By substituting equations 1.2 and 1.3 into equatioh we obtain the general |-V

relationship for a solar cell, which is:

| = qArf( rLICI + . Llfl j{ex;{ Q(Vn+D]|(TERs)j —1} + [\/-FFL;RSJ -gAG(L, +L,) (1.6)

e




1.2.3 Open circuit voltage, Vo, and short-circuit current, |«

Open circuit voltage occurs when the load resistaisconnected, which means,
the net current is zero. Therefore, from equatioh e obtain: Assuming thatyRs
infinite, so all the current flows thru the diode.

v kT e+

oc q nz Lh . Le
ThNa TeNd

Short circuit current occurs when the load is sfthrimeaning the drop voltayeis zero,

+1 :thn(% +1j a.7)

S

and therefore from equation 1.4 we obtain:
loe =1 =0AG(L, + L, ) g1L.
Equations 1.7 and 1.8 suggest thgt and lsc increase indefinitely with the
generation ratei;. However, a$s increases the number of electron-hole pairs iserea
which decreaseg, ¢, thereforels. increases witls while V, saturates and its maximum

value is limited byVy,;, which is the built in voltage of the diode.

1.2.4 Maximum power delivered totheload

Assuming the ideality factar = 1, the power delivered to the load is given by:

P=IV =qAG(L, + L)V - qArf[ Ly +ij(ex;{ﬂj —1)v (1.9)

r,.N, 7N KT

a e

Maximum power is obtained by setting the derivativith respect to voltage of equation

1.9 equal to zero, yielding:



(1+ﬁjexr{qvmj =1+ G(Lh + Le) - (1+|_phj (110)
V, KT rf( L, |_e] I

+
r,N, 71N,

a

From equation 1.10, the maximum voltage and theimmax current are expressed as:

1+
V., zﬂIn E =V, —k—TIn(1+q—VmJ (1.11)
q 1+LVW1 q kT
kT
_. qV qVv. 1
| =].—Tex ool 1 — 1.12
"t KT ’{ij T AV, (112

KT

From equations 1.11 and 1.12 the maximum poweveled to the load, assuming~

Voo, IS:

P =Vl =I p{voc —k—TIn[1+q—ij —k—q (1.13)
q KT q

Figure 1.4 shows the |-V characteristics of theasdaell with the maximum power

rectangular wherg, is the current whew = V.

I(mA)
VOC
, A Vim
Light 0 | e
1 B | 0.6
> 0.2 04 :
| I _ ! I-Vforasolar cell under an
Vv , ! illuminationof 600 W2,
-10 — Slopc—flfR .
N | J_— Operating Point
<+ N
I R ] =1 ; _— The Load Line for R = 30 L)
se” ph b P (I-V for the load)
() o (b)

Figure 1.4 (a) Solar cell schematic. (b) Typical eharacteristics of the solar cell with
the maximum power rectangular determined kyawd k. [5]



1.25 Solar cdl fill factor

The solar cell Fill Factor (FF) is defined as th#a of the maximum power to the
maximum possible current and voltage. The FFusmby:

FE = Imelxvmax (1)14
.V

SC” oC

1.2.6 Solar cell conversion efficiency

The conversion efficiency of a solar cell is definas the ratio between the

maximum output power to the incident optical powenjch is:

P | V V”fl{l?rjex{qmm j
™ x100= """ x100= x100 (1.15)

inc inc pinc

[7:

1.2.7 ldeality factor and saturation current

By measuring the |-V characteristics of solar caltsler dark conditions one can
evaluate the ideality factor and saturation curreimider these conditions, the net current
equation does not have a photocurrent componerdreidre, the net current can be

expressed as shown in equation 1.16. Notice hettethle -1 term is omitted since V is

much greater tha-rF]I'k—T.
q

e - av
I=(1,=0)-1, I{exp{n[k_l_ﬂ (1.16)




By taking the natural logarithm of both sides aedrranging terms a new expression can
be deduced. This new expression can be used t® dolvthe ideality factor and
saturation current.

Iy _ qVv _qv

S

1.2.8 Seriesand shunt resistances

There are two main resistance parameters that lmeusiken into account for solar
cell measurements, the series resistaRgend the shunt resistané®, In the ideal solar
cell caseR;s is approximately zero arf®, is approximately infinity. In the non-ideal case,
both parameters must be evaluated by the IV clenatit curve [6]. Figure 1.5
demonstrates the method to obtain the resistanktees/dor Rs and R, from the I-V

characteristics.

inverse of slope gives By

Inverse of slope gives E;

>V
Figure 1.5 Series resistance and shunt resistara fV curve. [6]

1.2.9 Solar cell spectral response

The spectral response of a solar cell is defindti@sariation of the short-circuit

current as a function of the wavelength of thedeat light. To derive the equation of the



spectral response we use the one—dimensional mbtied solar cell shown in Figure

1.6.

Figure 1.6 One-dimensional model of a junction salkall.

The photon density generated in the material vases
o =d exp-a(A)x) (sec'.cm?) (1.18)
whereq is the absorption coefficient adds the depletion region.

The electron-hole generation rate is then given by:

G(x) = D aexp- ax) (1.19)

The total number of photogenerated carriers crggsia pn junction is given by [7]:

PP +n% = %{ F{_j_exp(_ } — % exp-ad) (1.20)

The above equation shows that, at longer wavelsrigtandL,, must be large in

order to obtain high photocurrent, due to the faat a is small. This can be achieved by
making the doping concentration low. However, loweping will reducev,. as shown
by equation 1.7. At shorter wavelengthjs high, therefored must be made small so
that photons will be absorbed near the junctionfodanately, a smalled will increase
unwanted surface recombination thus the seriestaesie will increase; consequently the
solar cell's efficiency is reduced. This means soéar cell efficiency is limited by the

device and design parameters.
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1.2.10 External quantum efficiency

The number of electrons generated per photon, vehsolar cell is illuminated,
can be determined by calculating the external quangfficiency (EQE) as given by
equation 1.21.

1240x 1,

Where4 is the incident wavelength (nmp;, is the power of the incident light
(watt), and,p, is the generated photocurrent (A).

1.3 Materialsand Design Considerations

The materials used in the fabrication of solarscelust have bandgaps matching
well with the sun’s spectrum and also should haigh ftcarrier mobilities and long
lifetimes. These parameters ensure that generéettan-hole pairs can reach the metal
contact and contribute to the photo current. Tmegairements are met in semiconductor
materials, such as Si, GaAs, GalnP, and Ge.

Non-ideal factors, such as series resistance dlattien from the semiconductor
surface, will lower the conversion efficiency typlly to the range of 10 to 15 percent. A
large optical lens can be used to concentrate ghtntinto a solar cell so that the light
intensity can be increased up to several hundmeelsti The short-circuit current increases
linearly with light intensity while the open-cird¢uroltage increases logarithmically with
intensity [8].

The two important external parameters that affetarscells performance most
are temperature and radiation effects. Sinea/D7 , whereL is the diffusion lengthD

is the diffusion coefficient, and is the carrier lifetime. As temperature increades,

11



remains fairly constant or increases slightly, anohcreases. Therefore, the diffusion
length L increases with temperature, causing an increasgninHowever since the
saturation current increases exponentially with pgerature,Voc will decrease rapidly.

The overall effect is a reduction of the cell’'si@incy with increasing temperature.

1.4  Typesof Solar Cells

From the above discussion, it is clear that foriropin solar cell performance,
many tradeoffs should be considered. The most itapbparameter is the conversion
efficiency. Improving the solar cell efficiency hasen a challenge, which has inspired
new and innovative ideas. This section will introduthree types of solar cells that

demonstrate possible advancement toward higheiegitiies

1.4.1 Homojunction solar cells

The original design for the solar cell uses the dmmction. This is a pn-junction
semiconductor of the same material [9]. Thereftw@nojunction solar cells consist of
only bulk material, which can absorb a limited pmitof the sunlight spectrum. For
example, if GaAs (Ecaas= 1.4eV) is the bulk material as shown in Figurg, then the
solar cell can only absorb light having a wavelangt 880nm and below. This means
that wavelengths above 880nm are transparent tm#terial and do not contribute to the

conversion efficiency.

12
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Figure 1.7 GaAs homojunction solar cell.

1.4.2 Heterojunction solar cells

When two different types of materials with dissianicomposition create a pn-
junction, it is referred to as a heterojunctiorusture [10]. This type of structure is
advantageous because now two band gaps are agaslabhat one can act as an optical
window, thereby reducing surface recombination.eHgtinction structures only require
that the materials used should be closely lattieéched in order to reduce the effect of
strain and dislocations. Strain and dislocations geeatly degrade the short circuit
density, due to the carries being trapped ratheer teaching the metal contacts. A closely
lattice matched material system consist of GaAs$Alhich have a band gap offset of
0.73eV.

Figure 1.8 can be used to determine the suitabléerrabs to fabricate
heterojunction solar cells. One example is AlGaAa¥& solar cells, where AlGaAs is

acting as an optical window and GaAs is the adtiyer that absorbs the solar spectrum.
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Figure 1.8 Lattice constant and bandgap of comnamisonductor materials. [11]

1.4.3 Multijuction solar cells

To further enhance the absorption process, the ijondtion structure was
developed. Multijunction llI-V-based solar cellsncavercome the homojunction and
heterojunction problems. Better absorption of tbkarsspectrum is achieved by using
multiple semiconductor layers with different barapg. The multijunction structure, also
referred to as cascaded cells, can achieve higkerdonversion efficiency by capturing
a larger portion of the solar spectrum. In the ¢gpimultijunction cell, individual cells
with different bandgaps are stacked on top of amatheer. These selective absorption

processes continue through to the final cell, witiak the smallest bandgap.

The difference between bandgaps of the multijuncsioould be made as small as
possible in order to minimize heat dissipation tuexcess energy. Three-junction solar

cells currently in production are made of GalnP/&&%e [12] and GalnP/InGaAs/Ge
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[13-15]. These systems have an efficiency as hgl27a5% and are usually for space

applications, see Figure 1.9.
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Figure 1.9 (a) Multijunction solar cell bandgap amgement. (b)A structure of
multijunction solar cell. [16]
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1.5 Organization of Thesis

This chapter has given an introduction to solalscddasic functions, operation,
and different types. The chapters that follow wlikcuss more details pertaining to the
thesis topic. Chapter 2 discusses the researchwefar QD solar cells. In this chapter
motivation of the QD solar cell is explained. ClapB8 describes the growth and
structures of the samples used to carry out therempnts. Then the device fabrication is
discussed in detail in chapter 4. The experimes¢dlips and results are discussed in
chapter 5. Chapter 6 will conclude with a sumnw@rihe thesis and presents future work

research points.
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CHAPTER 2 - Research Review

This chapter presents a brief summary and reviethepublished work entailing

high efficiency solar cells. Recently new techngjbave been developed to improve the

conversion efficiency of solar cells.

2.1  Multijunction Solar Cells

One of the most efficient solar cells is a multjume solar cell developed by
Spectrolab [17]. These solar cells have recordedefficiency of 40.7%, using a
metamorphic (MM) three-junction GalnP/GalnAs/Gel,caleasured at 268 and under
AM1.5D. Figure 2.1 shows the measured |-V char&ttes and the results obtained

from metamorphic GadnosdP/Ga.odnoosAs/Ge and lattice-matched gRlng s/

Gay.odno.oiAs/ Ge three-junction terrestrial solar cells.
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Figure 2.1 I-V Characteristic for metamorphic §&@no s6P/Ga.9dno 0sAS/Ge and
lattice-matched Ggsdno sdP/Gay.9dNo.0iAS/Ge three-junction terrestrial solar cells. [17]
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2.2 Intermediate Band Solar Cells (IBSC)

Another new technique currently under investigatisrthe Intermediate Band
Absorption for Solar Cells (IBSC). This new approacas introduced by Luquet al to
enhance solar cell efficiency [18]. The idea behind new approach is based on the
absorption of low-bandgap energy photons by thermédiate band, which will increase
photocurrent density and avoid voltage degradattogure 2.2 shows the energy band

diagram for intermediate band absorption.

Conduction
band (CB)
b,
hv, 3
ﬁ.:',, v

Intermediate

band (IB)

fn,

v

Valence N
Neand (V)N

Figure 2.2 Schematic representation for Intermesiz@nd absorption employed in
solar cells structure to increase their conversefficiency. [18]

In the intermediate band for solar cells a secondaaterial with bandgapE(,)
smaller than that of the bulk material bandggg)(is used. This structure allows the
secondary material to contribute to the absorpbiban extra two photons, with energies
(hvy ) less than the band gap of the bulk material,elegate an electron hole pair. In
this model the intermediate band (IB) is often mef@ to as the metallic band because
electrons must occupy half of the band in ordeadeoept electrons from the valance band

and to transfer electrons to conduction band obthlk material.
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The calculated efficiency for IBSC cells is obtaln@ising the following
assumptions:
* Non-radiative transitions are forbidden between tsavtybands.
* Infinite carrier mobility.
» Electrons are only extracted from the conductiondhdoles are only extracted
from the valence band, and no carries are extrdotedthe Intermediate band.
* The cell is made thick to absorb all photons.
* Radiation can only escape the cell from the froptkf the surface.
» The area considered in this model is unity.
Based on these assumptions Lucpieal were able to demonstrate that the
efficiency predicted by Shockley and Queisser madel be exceeded [19]. Figure 2.3
shows the theoretically calculated efficienciesadanction of the intermediate bandgap

energy.
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Figure 2.3 IBSC calculated theoretical efficiencassa function of intermediate bandgap
(IB). The single junction cells, and tandem cetis shown compared to the IBSC model.

[1]
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As can be seen in Figure 2.3 the conversion effayieusing intermediate band
absorption can reach ~ 63.2% for PIN solar cellecretically the main advantages of
the IBSC are that the photocurrent and the openitivoltage are higher than that of the
single bandgap material. This design can be emeglaging either quantum well (QW)
or quantum wire (QWR) or quantum dot (QD) layers aas intermediate bandgap
material. In this study we investigated the uséndfs QDs as an intermediate bandgap

material in GaAs-based solar cells.

2.3 Density of States

It is important to understand the difference betwbalk material and quantum
size structures in order to select an intermedatedgap material for solar cells. In this
section the density of the states, quantum sizegfénd carrier confinement of quantum
wells (QWSs), quantum wires (QWs), and quantum ¢QB3s) are discussed.

The density of states is defined as the probabdisgribution of the number of
available states in each energy level that carcbeped by the carriers and it is given by

[20]:

N = Epros(E)dE (2.1)

E
WhereN is the total number of density of states per unlume,ppos is the density of
states per unit energy per unit volunkg; and E, are the bottom and top of the band,
respectively. Figure 2.4 illustrates the densitysti#tes as a function of energy for the
bulk material, quantum wells, quantum wires, andrum dots. For bulk materials the

carries are free to move in three dimensions (&W)guantum wells carriers are allowed
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to move in two directions (2D), for quantum wirearreers can only move in one

direction, while for quantum dots carriers are aoed in all direction (OD) so that there

is no freedom of movement. This means using quardiz® effect helps to improve

carriers confinement while the concentration isucedl due to less density of states as the

dimension gets smaller.
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Figure 2.4 Semiconductor bulk, quantum well, quamtare, and quantum dot structures

density of states. [21]



The ability to grow QW, QWR, and QD such structunesng MBE or MOCVD
growth techniques has opened the door for new meseand the application of such

structures as intermediate low bandgap layerslar sells.

24  Quantum Wellsas Intermediate Band for Solar Cells

The QW was the first nano-structure applied in IBS8Clow dimensional carrier
confinement. Barnharet al introduced the first QW pin solar cell structimel 990 [22].

By inserting QWSs in a pin solar cell structure as iatermediate band layer, the
efficiency limit of 40.7% established by ShockleydaQuiessser in 1961 would
theoretically be surpassed.

In QW solar cells the absorption process can tdkeepin different quantum
energy levels by selecting the proper widths ofghantum well which in effect reduces
the thermalization losses. Paxmetnal [23] have demonstrated that GaAs/AlGaAs QW
pin structures can enhance both the short cirauiteat and conversion efficiency, in
comparison with a control solar cell that has e structure as the QW pin cell except
without QW nanostructures. A simple diagram of W @in is shown in Figure 2.5,
which demonstrates the different mechanisms ttat pdace when a QW pin solar cell is

illuminated.
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There are three main events that take place imbloge schematic; electron-hole
pair generation, electron-hole pair recombinatiand carrier transport. However, the
efficiency of IBSC can be reduced due to the ingotent of several losses mechanisms
such as: resonant and non-resonant tunneling, #ieescape and sweep out, and
relaxation by inelastic scattering [24].

The main issue that arises when using quantum vgetlsat the density of states
forms a continuum due to the continuous transvieesglom in two directions. Therefore,
this allows for electrons in the conduction band am the QWs to thermalize simply

through phonon interaction phenomenon.

25 Quantum WiresasIntermediate Band for Solar Cells
Much of what is stated above applies to quantumew(QWR). The primary
difference involved with QWR structures it that yheave one-dimensional freedom of

movement for carries. This implies that the dengftgtates forms a continuum due to the
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continuous degree of freedom in one direction. Bimio QWSs, the electrons in the
conduction and well bands tend to thermalize simgiiyough phonon interaction
phenomenon. Therefore, to address this commonlggroin both QWs, and QWRs,
complete carrier confinement is needed to limitghenon interaction phenomenon. As

a result, research entailing QDs as the IBSC hes lkscommended by Luge¢al

2.6  Quantum Dots as Intermediate Band for Solar Cells

Quantum dots (QD) on the other hand confine cariierall three directions so
that each carrier sits at a discrete energy stdis. makes it difficult for the electron to
thermalize by phonon interaction [25]. Thus quantiots (QD) have many advantages if
used as the intermediate band layer in solar CEfls.wavelength at which the QD’s can
absorb or emit light can be tuned by adjusting hhedgap energy of the QD to the
desired wavelength energy. This is implementedianging the dot size. For example, if
the dot size is large then the wavelength absodbennitted is relatively long. Quantum
dots (QDs) can be grown in a three dimensionalyanigh different stacking layers. As
the number of layers of the dots increase, thedizke dot also typically increases. This
implies that different QD sizes can absorb differetavelengths, allowing the cell to
absorb more of the light spectrum, and thus imm@\vhe overall efficiency. Quantum
dots (QDs) are also used to create more than @otr@h hole pair excitation from one
photon. This process is called carrier multiplicat(CM). For instance, if the energy of
the incident photon is equal to two times the bapdgnergy (h = 2E), then two
electron hole pair excitations can be generatedlé/fha bulk material only one electron

hole pair excitation will occur, equivalent to thmaterial bandgap energy. The remaining
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excess energy will be dissipated in the form ofthaad lattice vibrations (phonons). In

bulk materials, carrier cooling is a big problemievhintroduces Auger recombination.

This process occurs in the picosecond range in imalterial. In quantum dots (QDs) the

thermal relaxation is slowed down as a result affioement, enabling hot carrier

harvesting, and the reduction of electron holeradions [26]. The advantage of QD CM

is demonstrated in Fi
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27 Why QD IBSC?

It has been demonstrated the QD nano-structuresneehthe photon absorption
at longer wavelengths. Suwaree Suraprapagiici [28] incorporated InAs QD’s into an
GaAlAs/GaAs heterostructure and experimentally mheteed that QDs provide an
additional spectral response at longer wavelerigtis was also confirmed to be true by
Samar Sinharoyet al [29]. It has also been shown that increasing @2 stacks
increases the spectral response of a solar cdémsnstrated by Seth Martin Hubbatd
al. [30]. Consequently, the idea of embedding QDa material has also been extended
to IBSC. Ever since Luque et al. [31] modeled IB&@ demonstrated that 63.1%
conversion efficiency is possible, research has heeler way in the area of using QDs
to IBSC cells. The National Renewable Energy Latmoya(NREL) has carried out
experiments utilizing InAs QD’s as the IBSC, angaged photon absorption at longer
wavelength.

It has been shown that QD can enhance the conwegdiaciency, but more
investigations are needed to study different Qeaf, to better understand the trade offs
entailed, and to determine the optimal structurggierequirements. In this thesis InAs
QDs as IBSC will be investigated to determine holds@mpact the operation of solar

cells, and what new ideas can be implemented tewaeligher conversion efficiencies.
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CHAPTER 3 - Solar CdllsMaterial Structure and Char acterization

This chapter discusses the structure and growthnigges for InAs QD solar
cells. The photoluminescence (PL) measurementshiersamples used will also be
presented. The research samples are grown usingculat beam epitaxy (MBE) and
metal organic chemical vapor deposition (MOCVD)stay growth reactors at the Center
for High Technology Materials (CHTM). Three uniggamples were grown for this
study, and are described by the following:

1. Run 2609: This sample was grown using MBE and ésl s the GaAs-based control
solar cell. This sample does not have QDs and hamdoped GaAs layer in the i-
region. This sample is used as reference to convastnghe QD samples.

2. Run 2611: This sample was grown using MBE and aositsix-stacks of InAs QDs
in the i-region. It is otherwise identical to 2609.

3. DE 3507: This sample was grown by MOCVD and corstéimee-stacks of InAs QDs

in the i-region.

3.1 The PIN Diode

The solar cells used in this thesis are pin strestin which an intrinsic region (i-
region) separates the heavily doped p-type andpe-tgegions. Figure 3.1 shows a
schematic representation for the pin structurethia design the electric field created
between the n-type and p-type regions stretchessche intrinsic layer to increase the
depletion region thickness and transport carriesenafficiently by drift as opposed to

diffusion. This is especially important for the QBgions because the dots could trap

26



carriers generated elsewhere in the device. Inrgen@hen the incident photons are
absorbed in the intrinsic region, electron-holeapare generated. These carriers are then
separated by the electric field and swept to thetamtis. Once these photo-generated
electrons and holes reach the neutral n- and p+ggiens, respectively, they drift to the
metal contacts and generate an external currergreTare also photogenerated excess
minority carries in the n- and p-type regions, Wwhdaffuse toward the i-region and then

get swept across to the metal contacts.

{} lTop Contac

n-type

Intrinsic region

p-type

B Bottom
- Contact

Figure 3.1 Schematic representation of the pinrsoddl structure.

3.2  Energy Band Diagram of QD-based Solar Cells

Figure 3.2 illustrates the energy band diagram DfgQlar cells grown on a GaAs
substrate. In this figure caas and E.caas represent the conduction band and valance
band for the GaAs material, respectively. As fog ttand gap of the InAs QD, it is

represented by Enas oo In this arrangement, the holes are confined éenviddence band,

27



while the electrons are confined to the conductiand. The band offsets in this QD
system are approximately 340meV and 100meV forchreduction band and valence
band, respectively [32-34]. The intermediate basrdsblar cell (IBSC) model shows that

this type of band alignment should yield a conv@rsafficiency of approximately 40%.

GaAs InAs GaAs
Ec-GaAs
A
340 meV
Ecinasob
A
Eg—GaAs =1.42¢eV Eg—InAs QD = 0.98 eV
v
Ev-inas op
100 meVI
\ 4 Ev—GaAs

Figure 3.2 Energy band diagram for InAs/GaAs QDasakll heterostructure.

3.3  Solar Cells Structures

The quantum dot solar cell samples tested in tiesis are grown by MBE and
MOCVD. The control cell structure is similar to tQd® structure except that there are no
QDs. The total thickness of the intrinsic regionbioth the QD and control samples is
kept the same, taking into consideration the QDtiagetand cap layers and the average
height of the quantum dots.

Figure 3.3 shows a schematic representation of M@k structures. The control
solar cell structure is illustrated in (A), whileet 6-stack InAs QD solar cell structure is
illustrated in (B). Figure 3.4 shows the MOVCD stwre for the 3-stack InAs QD solar

cell sample.
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Figure 3.3 Samples structures of (a) MBE grown Gedtgrol cell, run2609 (b) MBE
grown 6-stack InAs QD cell, run2611.
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Figure 3.4 Samples structures of MOCVD grown 3istaé&s QD cell.

The control cell is used as reference sample wyste effects of imbedding QDs
in the GaAs pin junction and will be compared wiitle QD samples. Also in this study
the performance of the solar cells grown by MBEasnpared to the solar cells grown
using MOCVD. The main difference between the twdensis the technique used for the
growth and the number of QD stacks. The MBE-gro@mpgle contains six stacks of
QDs while the MOCVD sample has three stacks. Thé dnd spectral response

measurements are presented and discussed in chapter
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34  Molecular Beam Epitaxy (MBE) Growth of Solar cells

Molecular beam epitaxy (MBE) is one of the crysiabwth techniques used to
deposit single crystal structures, with high qyaldn a crystalline substrate. Briefly, the
growth is carried out under ultra high vacuum amel $ubstrate is heated to the desired
temperature. The substrate is continuously rotedezbtablish a uniform layer thickness.
The source materials are placed in effusion celts the flux is controlled via shutters,
which allows slow and precise deposition rates.ldggbn high energy electron
diffraction (RHEED) is used to monitor growth modesd growth rates [35]. A
schematic representation of an MBE reactor is shiowiigure 3.5. This technique was
utilized to grow two structures, which are run 268%d run 2611. Each sample was

grown on a two-inch diameter GaAs substrate wafer.

vacuum pump

LN,
cryopanel

mass
spectrometer

qubstrale _RHEED

~gun
/,j?’/f \\ \\ o

effusion
cells
Figure 3.5 Schematic representatlon of a typicaIEMfB]amber with five effusion cells
and RHEED gun. [35]

3.5 Growth Characterization of MBE-Grown QDs
The MBE sample was grown by solid-source MBE in acMum Generators
V80H chamber. Silicon and beryllium were used feramd p-doping, respectively.

Arsenic was delivered in the form of the dimer, &A®m a valved cracker source. The
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V:1ll beam-equivalent-pressure ratio used duringwgh of GaAs was about 7. Growth
temperatures were between 580 and 820or the (Al)GaAs layers and 47C for the
GalnAs layer and the InAs quantum dots, as measuitbcan optical pyrometer [36].
Atomic force microscopy (AFM) is used to investgahe QD morphology.
Figure 3.6 shows the AFM images of surface QD elhdesngrown on an hysGay gsAs

buffer layer at 47¢C.

B

§ .0l ST L '
Figure 3.6 Atomic force microscope images of InAs@rown on 1915Gay g5As buffer
layers at 470 C. The scan size is 500 nm x 500 nm. [36]

Once the samples are grown, a photoluminescenceg (Réasurement is
performed. This measurement tests the photon aorgnd emission of the substrate.
The PL measurement is performed using a 3mW Healler!| Figure 3.7 shows the PL
measurements for samples 2609 (control cell) arid Z6-stack QD cell). The control
cell and 6-stack QD cell demonstrate a PL responsthe shorter IR wavelengths
(800nm — 900nm), related to the GaAs contributweith the control cell having a higher
PL (0.006V at 870nm). At longer wavelengths (1000nA180nm), only the 6-stack QD

cell shows a PL response, which represents thetaffédnAs QD PL contribution.
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Figure 3.7 Photoluminescence measurement for sarapl609 (control cell) and
sample run2611 (6-stack QD cell).

3.6 Metal Organic Chemical Vapor Deposition (MOCVD) Growth of Solar Cells
Metal organic chemical vapor deposition (MOCVD)akso another technique
used to grow single crystal structures on a criyséatubstrate. This method involves the
use of a volatile gas, such as arsine (ds&hd one or more metal organics, such as
trimethyl indium (TMIn) and trimethyl gallium (TMQao deposit different layers with
different compositions, for example an InGaAs layeisimple schematic representation
of a typical MOCVD chamber is shown in Figure 3I8is technique was used to grow

sample DE3507, on a two-inch diameter GaAs wafer.
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Figure 3.8 Schematic representation for a typic® ®D chamber where source
materials with carrier gas are mixed in the mainmfiald before the reaction takes place
in the chamber. [37]

3.7  Growth Characterization of MOCVD-Grown QDs

The samples are grown in a Thomas Swan verticaCMD reactor at 60 Torr.
Before growth, semi-insulating GaAs (100) substratee deoxidized at 761 for 5
min. A 3000 A p-GaAs layer is grown at 680 °C thiea temperature is lowered and
stabilized for QD growth within the range of 4%0 to 520°C. The wetting layer,
QDs, and capping layers are grown at the same tatype. For all samples, the
wetting and cap layers areyjaGay gsAs. The QDs are capped with 45 A 18Ga ssAs
and 330 A GaAs layers also grown at the same teatyrer After QD growth, the
temperature is raised to 570 to grow n-type GaAs. n-AlGaAs layer and n-GaAg ca
layers are grown at 63C. The growth rate and V/IlI ratio are kept constan0.5
ML/s and 52.5, respectively, during QD growth.

Figure 3.9 shows the AFM images of surface QD mdes grown on an
Ino.15Ga ssAs buffer layer at 506C. From AFM scans, the dot density is 851€m?

with an average height of 25 A.
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Figure 3.9 Atomic force microscope images of InAs@rown on 1915Gay g5AS buffer
layers at 500 C. The scan size isgn x1m. [38]

Figure 3.10 shows the room temperature PL spectiom capped QDs on
INo.1sGap g5As at 500°C. The QDs are formed under the same conditionscae shown
in Figure 3.9. The PL peak wavelength is obsematet.34pum with a narrow linewidth
of 40 meV. A significant blue-shift and a narroWHAM result from the covering
process. Because the overgrowth takes place atQbegrowth temperature, any
intermixing of In and Ga atoms is primarily stramttuced and results in increased

uniformity of QD size and composition [38].
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Figure 3.10 Room-temperature PL spectrum of cappAd QDs grown on knsGag gsAs
at 500 C. The cap layers, grown at 500, are 45 A of Ip15Gag gsAs and 330 A of
GaAs.
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CHAPTER 4 - Solar Cells Processing and Fabrication

This chapter presents the processing and fabricatieps for the three different
solar cells structures: the GaAs control cell, MBE grown six-stack QDs solar cell, and
the MOCVD grown three-stack QDs solar cell. All eedf are processed using the
fabrication tools in a class 1000 clean room atGbkater for High Technology Materials.

After the solar cells structures are grown, theersfare processed using two
different methods for processing, which featureftllewing key differences:

1. Inductively coupled plasma (ICP) etching withowtesvall passivation of the cell.
2. Wet etching with silicon nitride sidewall passiati
Both procedures are used to study the effect afgasing on the performance of solar
cells. In the first method, the ICP etch is useddevice isolation without passivating the
sidewalls of the mesa structures. In the seconthadetwvet chemical etching is used for
device isolation and the sidewalls of mesa strestare passivated. The effect of both
methods is observed and presented in chapter 5.

Since solar cells structures are grown on 2-inclferga this area is more than
sufficient for processing the 2x2mm, 3x3mm, andrbrbsquare cells studied. Therefore
the full wafer is cleaved and only one quarterssdifor processing and the other three

quarters are kept for later use, if we needed.

37



4.1  Sample Preparation Fabrication Steps

Before processing, the wafer is cleaned and byisgak in acetone, methanal,
and isopropyl alcohol (IPA) baths, for five minuteseach solution. Then the native
oxide is removed from the surface using a basiatew of ammonium hydroxide and
deionized water (NFOH:H,O ) with ratio 1:30, respectively, for 30 secondiken the
sample is baked at 18D for 10 minutes. This step is the dehydration bairce
moisture is removed from the wafer surface.

In the following sections, | will discuss two metl®for mesa isolation using
inductively coupled plasma (ICP) etching withoudesvall passivation and wet etching

with sidewall passivation.

4.2  Inductively Coupled Plasma (ICP) Etching without Sidewall Passivation
At this point the sample is ready for processinigufe 4.1 shows a schematic
representation and a flowchart for the processiegssusing the inductively coupled

plasma (ICP) etching technique and without sidepadisivation.
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n-type metal
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(a) Photolithography (b) n-type metal evaporation (c) Metal liftoff
using mask #1 (Ge/Au/Ni/Au)
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E Silicon nitride coa v
] <«
(f) Photolithography (e) ARC deposition (d) p-type metal evaporation
using mask #2 (Ti/Au) on the backside of the
sample
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N I H || I
—> —>
(g) Etch ARC from the (h) Photolithography (i) ICP etched mesa with
contact pad and device using mask #3 out sidewall passivation
boundary

Figure 4.1 Schematic representation of the processteps using inductively coupled
plasma (ICP) etching without sidewall passivation.

To ensure smooth surface preparation, hexametiiglchse (HMDS) is applied
on the sample surface, using a spinner at 4000fopr@0 seconds. HMDS is used as an
adhesion promoter before photoresist is appli€den the sample is baked at 1%Dfor

3 minutes. The wafer is then coated with a pospiketoresist type AZ5214E-IR using a
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spinner at 4000 rpm for 30 seconds. After the P&,ahe sample is soft baked at°@0
for 2 minutes to remove excess solvent PR.

Now the sample is ready for the first photolithqgma step. Using the mask
aligner the sample is exposed with ultraviolet (U\ght at 365nm wavelength for 5
seconds. A photograph for the solar cell mask #d us this process is shown in the
Figure 4.2. This mask has three different sizesmfare solar cells with dimensions

5x5mm, 3x3mm, and 2x2mm.

Probing pad

Bus

v

Fingers ———

5x5mm cell —

L

3x3mm cell — =

2x2mm cell r

Figure 4.2 Photograph of mask 1 for the solar paliterns. Three different areas are
shown 5x5 mm, 3x3 mm, and 2x2 mm. Metallizatigmadfing pad, bus, and fingers are
also shown for the three different solar cells.

Once the exposure is complete the sample is bakdd2°C for 1 minute to
reverse the image. To activate the photochemititey full wafer is then exposed to the
UV light without the mask (flood exposure) for 1rmte at 365nm. The sample is then

developed for 20 seconds in a solution of AZ400Keli@per and deionized water with a

ratio of 1.5, respectively. Figure 4.1 (a) shows illustration of the wafer after
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developing. After this step a replicated imagehaf $olar cell mask #1 is printed on the
wafer.

The sample is then prepared for the top n-type olmontact metal evaporation.
Before metal evaporation, oxygen plasma exposuggerformed, using a reactive ion
etcher (RIE) for 1 minute to remove any unwantedtplesist scum. The native oxide is
also removed using a solution of MPH:H,O with a ratio of 1:30. Using an electron
beam for metal evaporation, the top n-type ohmictact metal is evaporated on the
surface as shown in Figure 4.1 (b). This n-typetacnlayer consists of Ge/Au/Ni/Au
with thicknesses of 260A, 540A, 200A, and 3000Aspextively. This metallization
process covers ~ 20% of the solar cell surface ameecreates a shadowing effect on the
surface.

The sample is then placed in an acetone bath igVerfor metal liftoff. This
allows the acetone to dissolve the PR remaininghersample, and to remove the metal
on top of the PR. Therefore, the only remainingaheh the sample is the top n-type
ohmic contact layer, which corresponds to the nmeaal, metal bus, and metal fingers as
shown in Figure 4.1 (c).

The bottom p-type ohmic contact metal is then exated on the backside of the
sample. This is done by mounting the sample updaen on a dummy silicon wafer,
using PR to stick the sample to the silicon waldre p-type contact layer consists of
Ti/Au (500A/3000A). An acetone bath is then usedré® the sample from the silicon

wafer after the back surface metal evaporatioshasvn in Figure 4.1 (d).
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The sample is cleaned using reactive ion etcheE)(Rdr 3 minutes. Rapid
thermal annealing (RTA) is then used to heat timepéa for 60 seconds at 380. This
makes a good ohmic contact with the sample.

In order to minimize the light reflection at theptsurface of the solar cell an
antireflection coating (ARC) of silicon nitride ¢Bls) is deposited, as shown in Figure
4.1 (e). This AR coating is deposited using plagmhanced chemical vapor deposition
(PECVD), with a thickness of approximately 1000 Adaa 2.05 index of refraction. To
probe the solar cell for characterization, the Adateng on the contact pads must be
removed. This is done via photolithography, seeufégd.1 (f). The photolithography
steps are the same as mentioned above and thedibf@sence is the mask used. A

photograph of the second photolithography mashkasve in Figure 4.3.

Figure 4.3 A photograph of mask #2 used to remoweedlection coating from the
contact pad and the solar cell boundary.

This mask is used to remove silicon nitride on domtact pad and the cell

boundaries, as shown in Figure 4.1 (g). Th&lSon the pads and boundaries can then be
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etched using the RIE at a partial pressure of 4&mCF, and 255 mtorr, ¢ for 3
minutes.
To isolate solar cells from each other, a thirdtphilmography step is performed,

as shown in Figure 4.1 (h, i). A photograph of m#skis shown in Figure 4.4.

Figure 4.4 A photograph of mask #3 used to idettié/final mesa solar cell structure.

Etching the mesa structure is then performed usargn trichloride gas (BG) in
the inductively coupled plasma (ICP) chamber. Toeb trichloride gas used in the ICP
etches the GaAs surface, which is not covered hyTRR type of etching leaves a rough
GaAs surface with dangling bonds and surface defe€he non-passivated mesa
sidewalls in this case can greatly affect the so#dr short circuit current by increasing
surface recombination. This observation is repoitethapter 5.

Once the ICP etch is completed, the sample is ettanith IPA and deionized

water. The sample is then ready for characterimatiéigure 4.5 shows a photograph of
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the final product and a sketch of the etched miesthis figure the ARC layer (8\,) is

clearly shown by the navy blue color on the sanspiéace.

(@)
ICP Etched Mesa

GaAs-based
heterostructure

Cross Section View

(b)

1

Figure 4.5 (a) Processed quarter wafer (b) Crosstisaal view of mesa structure.

4.3  Wet Etched Mesa with Sidewall Passivation

In this technique the first photolithography stepsimilar to that discussed in
section 4.2, as shown in Figure 4.6 (a-d). To tifierthe boundaries of the mesa
structure, photolithography is performed using m#3k see Figure 4.6(e). In this case
the solar cell boundary lines will not have PR, lehhe rest of the sample will be
covered with PR. This etching step is carried @inngia wet etch acid solution consisting
of phosphoric acid, hydrogen peroxide, and deiahisater (HPO4:H,0O,:H,0) with
ratios 3:1:50, respectively at an etch rate of 1&/$c. This type of etching leaves a
smooth GaAs surface and etches specific planes diffirent etch rates. Figure 4.6(f)

shows the mesa structure after etching the sidswall
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Figure 4.6 Schematic representation for the proicgssteps using wet etching with

sidewall passivated mesa structure.

A 1000A ARC with a 2.05 index of refraction is thdeposited on the sample

using the PECVD, as shown in Figure 4.6(g). Thénaosi nitride on the contact pads is

defined using masks 1 and 2, as illustrated in feigu6(h). Both masks #1 and #2 are
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used in this photolithography step to expose siliodtride on the contact pads only.
Reactive ion etching is then used to remove theosilnitride from the top surface of the
contact pads as shown in Figure 4.6(i). Both |G& &et etching processes show similar
mesa structures with the only difference being shdewall passivation as shown in

Figure 4.7.

Wet Etched Mesa

rats-based

heterostructure

Figure 4.7 Cross-sectional view of wet etched nstsecture.
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CHAPTER 5-InAsQD Solar Célls Characterization

This chapter presents the measurements and ch@atta of InAs quantum dot
solar cells. These devices are tested and theseseal discussed to understand the effects

of introducing InAs QDs, as a potential intermedibaand material for solar cells.

51 Device Characterization
Solar cell performance is measured using |-V charemations and spectral
response measurements. Two setups are used ter cartrithe above measurements and

are explained in the following sections.

5.1.1 -V Experimental Setup

The I-V setup is used to measure the current-veltdwaracteristics of solar cells
with light illumination and under dark conditionsrom these measurements we can
deduce many solar cell parameters such as: shouitoturrent [(sg), open circuit voltage
(Voo), maximum power, cell efficiency, series resisgnshunt resistance and ideality
factor. Therefore, the |-V measurement is impdrtim solar cell characterization.
Figure 5.1 shows a schematic representation foexiperimental setup used to measure

the |-V curves of solar cells.
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HP parameter analyzer
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Figure 5.1 A schematic representation of the sesgdl to measure the I-V
characteristics of solar cells.

The setup consists of an ABET Technologies lightrse, with a 150 watt xenon
lamp simulating sun light. A filter is insertedtimeen the light source and the sample
stage to emulate sun light intensity and irradiarka® example AMOD (air mass zero
with direct incidence with no scattering) and AMG&.%air mass 1.5 global with direct
incidence and diffused light) can be obtained bwnging the filter. In this study
AM1.5G filter is used. The distance between thbtlisource and the sample is adjusted
so that light with intensity 100.0mW/énfl sun) is hitting the solar cell surface. This
intensity was measured using an EPM 1000 powerrmagtie a PM3 detector. Since the
top layer of the solar cell is n-type, the top emntof the sample represents the negative
terminal while the positive terminal is attachedthe stage. A Hewlett Packard 4155B

parameter analyzer is used to collect the I-V dakes is done by sweeping the voltage
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from -1V to 1V in steps of 10mV and measuring therent. The data is then saved and

plotted using Igor Pro for analyses.

5.1.2 Spectral Response Experimental Setup

The spectral response measures the photocurrerdisel@ngth dependence.
Therefore, the GaAs control solar cell and the I3 solar cells can be compared.
Figure 5.2 shows a schematic representation okétep used to measure the spectral

response of the solar cells.

A-R-C
monochromator
Collimarting lens
Collimated light ﬁ
A
Collimated light

Keithlev 6485 EWEEH?

pii:ll -Ammeter

Figure 5.2 A schematic representation of the sesgrl to measure the spectral response
characteristics for solar cells.

This setup consists of an Acton Research Corpaorg#eR-C) monochromator

with a 250 watt tungsten lamp. The monochromat® tatings to select a specific
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wavelength range required for the experiment. Thlet lexiting the monochromator is
collimated using a lens and steered to the prolstage using free space mirror
alignments. In this experiment the monochromat@nscthe wavelength range from
400nm to 1300nm. The Keithley 6485 pico-ammetersisd to measure photocurrent for
each wavelength. Both the monochromator and picowveter are computer-controlled

using Labview7.1.

5.2  Characterization of ICP Etched-Mesa Solar Cells Fabricated without Silicon

Nitride Sidewall Passivation

This section presents the measurements of the 5x&otan cells grown by MBE
and MOCVD techniques. These solar cells are fataitaimultaneously under the same
processing conditions, using ICP etching witholit@n nitride sidewall passivation. The
following wafers are characterized:

1. The GaAs MBE control solar cell (run 2609)

2. The MBE 6-stack InAs QD solar cell (run 2611)

3. The MOCVD 3-stack InAs QD solar cell (DE 3507)

5.2.1 |-V Measurementsof the | CP etched solar cellswithout silicon nitride

sidewall passivation

Figure 5.3 shows the |-V characteristics for th&rir control cell, six stack, and

three stack solar cells.
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Figure 5.3 I-V characteristics for the 5x5mm ICehetd and unpassivated mesa solar
cells. Control (red), 6-stack InAs QD (blue) anestack InAs QD (green) solar cells
processed under the same conditions.

The data extracted from this figure show that tbetl cell (red line) has an
open circuit voltage o) of 0.90V and a short circuit current densitys)( of
10.4mA/cnf. It has been reported that the open circuit veltahGaAs-based solar cells
is ~1V, indicating a good agreement with the respliesented here. Also as shown in
Figure 5.3 the 6-stack InAs QD solar cell has aenogrcuit voltage\,c) of 0.67V and a
short circuit current densityld) of 10.6mA/cri. The decrease in the open circuit voltage
for the 6-stack InAs quantum dot solar cells coragawith the control cell may be due to
either the relaxation of quasi-fermi-levels closetie QD conduction and valance band
or the material is slightly degraded by quantumsd&oth mechanisms may introduce
this effect. Figure 5.3 also shows a slight inceeimsthe short circuit current density of
the 6-stack InNAs QD compared to the control sokdt. dhis increase 08s; is most

probably due to higher photon absorption rate eeléab the InAs QD layers. Lugut. al
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predicted that the intermediate band for solarscelbuld increase the conversion
efficiency [39] by maintaining th¥,; and increasingsc

For the MOCVD 3-stack InAs QD solar cell, as shomnFigure 5.3, the
measured open circuit voltagé,{) is 0.42V and the short circuit current dengity) is
4.00mA/cnf. These lower values, compared to the MBE 6-stadls IQD solar cell, may
be attributed to many mechanisms such as: feweta@&rs with different physical and
electrical properties, thinner i-region, and/orsleraterial quality. This interpretation
needs further investigation.

To study the performance of these solar cellsy thetia are collected from Figure
5.3 and summarized in Table 5.1. This table shtnasthe conversion efficiencies of the
GaAs control solar cell, and of the six-stack In@Bs solar cells, and the MOCVD
three- stack InAs QD solar cells are: 8.95%, 6.58%@ 1.33%, respectively, including

having removed the shadowing effect from the nfatgkers.
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MBE grown wafers HOIED
grown wafers
Run 2609: Run 2611: 6- DE3507: 3-

Control Cell stack QD stack QD
Short Circuit Current
Density (MA/cr): 10.4 10.6 4.00
(C\)/r;fen Circuit Voltage 0.90 067 0.42
Normalized Rax
(mW/cn12): 7.16 5.24 1.06
FF (%): 76.5 73.8 63.1
Efficiency (%): 8.95 6.55 1.33
Normalized Series
Resistancet.cn?): 0.560 0.925 0.935
Normalized Shunt
Resistance @.cn?): 12.6 6.70 1.98
Ideality Factor (n): 2.71 1.85 1.97
Normalized Saturation
Current (nA/cr): 2.07 5.04 542

Table 5.1 Data summary for the 5xX5mm control, @tstaAs QD and 3-stack InAs QD
solar cells fabricated by ICP etching and withoigtesvall passivation.

These efficiencies are calculated using equati@d Where the 20% shadowing
effect, of the top surface metal contacts, is antedifor. As clearly seen from Table 5.1,
the control cell has the highest efficiency. Thighler efficiency of the GaAs control
solar cell is due to higher open circuit voltagd &etter fill factor. This behavior can be
interpreted, as shown in equation 1.7, by threeofac First the electron hole pair
generation, parameter G, is higher due to goodairgsiality of the homojunction grown
GaAs solar cell. Thus the carriers are not trapmpgdnaterial defects, complexes, and

dislocations. Second the diffusion length of thimarty carries in this homojunction

53



structure may be longer. Third the shunt resistaiscéigher. These factors may
contribute individually or collectively to the highopen circuit voltage.

Regarding the normalized shunt resistari®g, (t is very obvious form Table 5.1
that the GaAs control cells exhibits the highedtueaf R, among the other solar cells.
This may be due to high leakage current in the @Bel solar cells. Figure 5.4 illustrates
a model for the different resistances associaték thie solar cell structure as well as the
ohmic contacts. Roughly, the values of normaligedes resistanc&s, and normalized
shunt resistanc®, are obtained from the slope of the I-V curves smow Figure 5.3
whereR;s is obtained from theV/dl slope neaV=V,. andR; is obtained from theV/dI
slope neal= Is. In these calculations the probe resistance iswated for.

The ideality factor measures the quality and th@reke of diffusion and
recombination of the I-V characteristics of thegade. Unity ideality factor is desired
because this indicates that the diffusion procestominant. From Table 5.1 the ideality
factor of the 6-stack InAs QD solar cell is the &stvwith a value of 1.85. A defective
material is subject to more recombination in whadse, n will be closer to 2. The
normalized saturation currenl;, is also another important parameter to analytes T
parameter is a measure of leakage carriers in thgupction. Mathematically, as; |
increaseV,. decrease, as shown in equation 1.7. From TabldHethree-stack InAs QD
solar cell has the highedt of 542nA/cnf, which agrees with the significant drop in the
Voo Thels for the control cell and six-stack InAs solar calé much lower 2.07 nA/dm

and 5.04 nA/cth respectively, indicating higher material quality.

54



Figure 5.4 Equivalent circuit for resistance mectsams involved in a solar cell.

5.2.2 Spectral response measurements of the | CP etched solar cellsfabricated

without silicon nitride sidewall passivation

The wavelength dependence of the photocurrent &sured to study the effect of
placing the quantum dots in the i-region of theasaklls. The spectral responses for the
three solar cells are presented in this sectiogurgi 5.5 illustrates the photocurrent

measured for the 5x5 mm solar cells as a functidgheowavelength.
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Figure 5.5The Spectral response for the 5x5mm control (r@dfack InAs QD(blue) and
3-stapk I.nAs QD (green) solar cells fabricated 6letching and without sidewall
passivation.

As can be seen from Figure 5.5 the GaAs contropganmun 2609, and the MBE
six-stack InAs QD solar cell, run 2611, have simifzhotocurrent density in the
wavelengths less than 870 nm (GaAs band-edge waytble Both samples show higher
photocurrent density than that of the MOCVD sample, DE 3507. The difference in
the photocurrent densities between MBE and MOCVDwgr samples may be due to
reduced crystal quality of the MOCVD sample or & lmobility emitter layer because
the short wavelength response is so deteriorafddvavelengths longer than the GaAs
cutoff wavelength (870nm) both MBE six-stack and GND three-stack solar cells
demonstrate measurable photocurrent densities. Thistrong evidence for the
contribution of InAs QD photon absorption effect.the contrary the GaAs control cell
shows no photocurrent in this range. Also showRigure 5.5 the MBE six-stack sample,

run 2611, has a higher photocurrent density than ah the MOCVD three-stack solar
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cell in the InAs QD wavelength range (950-1200nmis is due at least in part to more
QD layers, as more layers are added to the steithe number of QD increases, with
different QD sizes and densities. Unfortunatelytreessnumber of the QD stacking layers

increases there is a high possibility for degradiregmaterial quality.

53  Characterization of the Wet Etched Mesa Solar Cells Fabricated with Silicon

Nitride Sidewall Passivation

This section presents the devices made with theetadted mesas and silicon
nitride sidewall passivation. The purpose of impdatmg this technique is to improve
the efficiency of the InAs QD solar cell. The MBEa&s control cell and the InAs QD
solar cell are processed using this method bectnese could potentially show better
performance than the ICP method. It has been knthath wet etching is a plane
preferable etching technique while the ICP etchimgot. This means by using wet
etching crystal, dangling bonds are minimized amdsequently the sidewall defects are

reduced. In addition sidewall passivation willued leakage current in the device.

5.3.1 1-V measurementsof the wet etched solar cellsfabricated with silicon nitride
sidewall passivation
This section presents the |-V measurements of x%endm solar cells grown by
MBE. These solar cells are fabricated simultangoushder the same processing
conditions, using wet etching with silicon nitrideidewall passivation. The IV
characteristics for the GaAs control and 6-stacksIiQD solar cells are presented in

Figure 5.6. From this figure the open circuit vgiafor the GaAs control and six stack
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InAs QD solar cells are 0. 87V and 0.63V, respetyivWhile, the short circuit current
density of both the GaAs and the InAs QD solarscaie 10.8mA/cfand 11.3mA/crh

respectively.

Ng OF T T T T i
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<é: 2F [= Run2609: Control Cell (MBE) N
= — Run2611: 6stack QD (MBE)
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Figure 5.6The I-V characteristics for the 5x5mm GaAs contall (red) and the 6-stack
InAs QD(blue) solar cells fabricated by wet etchamgl passivated by silicon nitride.

To study the performance of the solar cells fabeidaising wet etching method

the data measured from the |-V curves shown inréi§u6 are summarized in Table 5.2.
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Run2609: Run2611: 6-stack
Control Cell QD

Short Circuit Current Density

(MACTP): 10.8 11.3
Open Circuit Voltage (V): 0.87 0.63
Normalized Ry, (mW/cn): 6.68 5.36
FF (%): 71.1 75.3
Efficiency (%): 8.35 6.70
Normalized Series Resistance

(Q.cnd): 0.658 0.910
Normalized Shunt Resistance

(kQ.cnP): 6.88 4.73
Ideality Factor (n): 1.97 1.79
Normalized Saturation Current

(nAlCTP): 0.922 4.32

Table 5.2 Summary for the MBE grown 5x5mm contndl the 6-stack InAs QD solar
cells fabricated by wet etching and passivatediligos nitride.

This table shows that the six-stack InAs QD so#dr ghort circuit current density
has increased from 10.6mA/értsee Table 5.1) to 11.3mA/éniThis increase is due to
reduced dangling bonds and reduced leakage cua®rdiscussed above. Also the
efficiencies of the six-stack InAs QD solar cellshglightly increased from 6.55% (see
Table 5.1) to 6.70%. This increase is related ®ititrease in the short circuit current
density, since the fill factor is nearly the sanmel ¥, is lower. The normalized series
resistanceRs, for both control cell and six-stack InAs QD sotalls are approximately
the same for both processing techniques, see bablend Table 5.2. On the other hand,
the normalized shunt resistané®, for both control cell and the six-stack solar ¢els
decreased using wet etching with sidewall passimatwhich is a result of the slight

increase in thés. As for the ideality factor and the normalizedusation current for the
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wet etched devices has decreased compared to theethed devices. This can be
related to the silicon nitride sidewall passivatiovhich reduces the sidewall dangling
bonds and traps. This can be explained by redueakiabe current in the sidewall

passivated samples.

5.3.2 Spectral Response Measurements of the Wet Etched Solar Cells Fabricated

with Silicon Nitride Sidewall Passivation

Figure 5.7 illustrate the spectral responses ofGhAs control cell and six stack
InAs QD solar cells fabricated by wet etching arabgivated by silicon nitride. The
photocurrent measured for the 5x5 mm solar cekdightly higher than that presented in
Figure 5.5. This result indicates that using défdrprocessing methods may improve

some of the solar cell parameters.
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Figure 5.7 The Spectral response for the 5x5mmrobfred) and 6-stack InAs QD
(blue) solar cells fabricated by wet etching andgaated by silicon nitride.
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As can be seen from Figure 5.7 the GaAs contrap$a run 2609, and the MBE
six stack InAs QD solar cell, run 2611 have simif@totocurrent density in the
wavelengths less than 870 nm. The six-stack InAs €ihple shows much higher
photocurrent density beyond the GaAs bandgap wag#ig870 nm) related to the InAs

QDs.

54  Scaling Effects of Six-Stack InAs QD Solar Cells

In this section the scaling effects for the 6-stéiwks QD solar cells will be
discussed for the efficiency, short circuit currdansity, shunt and series resistance, and
the other parameters. The scaling effect has bemmiaed for samples fabricated by ICP
and wet etching.

Figure 5.8 (a) and (b) show the I-V characteristamsthe wafers processed by
ICP and wet etching, respectively for 5x5mm, 3x3ramg 2x2mm solar cell areas. Both

techniques show an obvious increase the |
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Figure 5.8 The I-V characteristics for the5x5mndjre8x3 mm (blue), and 2x2 mm
(green) InAs six-stack QD solar cells. (a) ICP ethvithout silicon nitride passivation,
(b) Wet etched with silicon nitride passivationttBtechniques show an obvious increase
in the k¢

The biggest change occurs in the photocurrent, evitke 5x5mm solar cell

exhibits the highest photocurrent followed by the3@m and 2x2mm solar cells.
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Therefore, the total current of the solar cellirectly proportional to the effective area of
the solar cell as shown in the current equatioBstd 1.5 presented in chapter 1.

On the other hand the open circuit voltage doeschange with the solar cell
area. This confirms that the open circuit voltagea function of the technological
parameters of the solar cell materials, such agndpparrier diffusion length and
recombination rates, see equation 148. a result, the ¥ does not depend on the
dimensions as given by equation 1.7 in chapter 1.

Table 5.3 summarizes the data obtained for theeabog samples, processed by
the ICP etching without 8W3; passivation and the wet etched sample witpNSSI
passivation. From this data we see that the opeitivoltage and the conversion
efficiency do not scale with the area, while thersleircuit current increases with the
area as expected. Note that Table 5.3 shows thé @hmuit current density. Figure 5.9
illustrates the short circuit current dependencéhenarea. Similar results are obtained for

the GaAs control cell and the MOCVD three-stackdr@D solar cell.
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(a) ICP Etched (non-passivated) 6- Area: Area: Area:
stack InAs QD solar cells 2x2mm 3x3mm 5x5mm
Short Circuit Current Density
(MACTP): 10.2 9.86 10.6
Open Circuit Voltage (V): 0.66 0.66 0.67
Normalized R (MW/cnt) 5.03 4.89 5.24
FF (%): 75.0 75.2 73.8
Efficiency (%): 6.28 6.11 6.55
Series Normalized .cn?): 0.133 0.304 0.925
Resistance | Measured Q): 3.33 3.38 3.70
Shunt Normalized (€.cnr): 8.04 6.89 6.70
Resistance | \jeasured (R): 201 76.6 26.8
Ideality Factor (n): 1.52 1.54 1.85
Normalized Saturation Current
(nAlCTP): 0.645 0.707 5.04
(b) Wet Etched (passivated) 6-stack
INAs QD solar cells
Short Circuit Current Density
(MACTP): 10.8 11.6 11.3
Open Circuit Voltage (V): 0.65 0.66 0.63
Normalized R, (mW/cn) 5.33 5.58 5.36
FF (%): 75.9 73.1 75.3
Efficiency (%): 6.66 6.98 6.70
Series Normalized {.cnf): 0.126 0.302 0.910
Resistance | \1easured Q): 3.15 3.35 3.64
Shunt Normalized (I©.cn): 6.60 5.72 4.73
Resistance | Measured (R): 165 63.6 18.9
Ideality Factor (n): 1.43 1.46 1.79
Normalized Saturation Current
(nAlCTP): 0.308 0.387 4.32

Table 5.3 Summary for the 5x5mm, 3x3mm, and 2x2mdgix-stack QD solar cells. (a)
ICP etched without silicon nitride passivation, Wt etched with silicon nitride
passivation.
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Figure 5.9 Six-stack InAs QD solar cell short citazurrent versus solar cell area.

Table 5.3 also shows that the series resistance miotescale with the area. This
can be explained by the simple model shown in Eidgud0. In this model the series
resistance consists of the contact resistangg.®and material resistancesRace The
contact resistance increases when the area desrdaseto the reduced width of the
finger length. While, the material surface resistadecreases due to the reduction of the
area exposed to light illumination. Therefore tb&lt series resistance remains constant,

as shown in Table 5.3.

N-type contact

RCO ntact

Rsu rface

Figure 5.10 A simple model for the series resistatmmponents when the solar cell
device is scaled
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To explain this behavior we calculated the shesistance for the three areas

using equation 5.1.

L inger_len
Rier = R0 (5.1)

finger_gap
Where R is the series resistancesnder length IS the length of the contact finger, and
Liinger_gapiS the gap length between contact fingers. Thasanpeters are shown in Figure

5.11. Table 5.4 lists th&ihger length@nd Linger gapfor the different solar cell dimensions.

I—finger_length

I—finger 3

Figure 5.11 Solar cell illustration showing theder length and finger gap.

2x2mm Solar

3x3mm Solar

5x5mm Solar

Cell Cell Cell
Finger length (cm): 0.0800 0.134 0.237
Finger gap (cm): 0.00800 0.0143 0.0285

Table 5.4 Finger length and gap for the 5x5mm, 3r3and 2x2m solar cells.
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Using the data from Table 5.4, the calculated \saloe the sheet resistances are

shown in Table 5.5. Since all areas show the sahees for the sheet resistance. The

total series resistance should not change as disdwbove.

2x2mm Solar

3x3mm Solar

5x5mm Solar

Cell Cell Cell
R_sheet ICP etche®/o 32.3 31.7 30.8
R_sheet wet etched2/o 31.5 31.4 30.3

Table 5.5 Sheet resistance values for the twotackdnAs QD 5x5mm, 3x3mm, and
2x2m solar cells.

From Table 5.3 it can be seen that as the areheo$dlar cell gets smaller, the
shunt resistance, the ideality factor, and the adimad saturation current values improve.
This indicates that the 2x2mm solar cells exhibé& best values among the other cells
pertaining to these three parameters. As the agesedses the defect density decreases
due to material non-uniformity and as a result ¢heiers are not trapped. This shows

that these three parameters are correlated.
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CHAPTER 6 - Conclusion and Future Work

In this thesis, InAs QDs as intermediate band @arscells (IBSC) is presented.
It has been theoretically shown that IBSC can imerthe conversion efficiency up to
63%. Therefore, the main focus of this thesis istiady the effect of inserting InAs
guantum dots in the i-region of a GaAs based smhr In order to investigate InAs QDs
as IBSC, three different samples were grown by MiBE MOCVD growth techniques.

The first sample is the MBE grown control solad,cehich does not have QDs.
This sample is used as a reference sample to cenifgaresults to the InAs QD solar
cells. The second sample is the MBE grown InAsssack QD solar cell. The third
sample is the MOCVD grown InAs three-stack QD soklr.

The three samples are processed under the saméi@uhdvith two different
processing methods, in order to compare the proaeesfects. The first set of samples
were processed utilizing ICP etching without sidiéwassivation while the second set
were processed using wet etching with sidewalligagen.

From the |-V measurements the conversion efficeneneasured for the GaAs
control cell, the MBE grown InAs six-stack soladlcand the MOCVD grown InAs
three-stack QD solar cell are 8.95%, 6.55%, and3%,3respectively. The lower
efficiencies for the InAs QDs solar cells may beilatited to the strain effects between
the InAs QDs in the intrinsic region and the ovewgn layers. These strain effects may
generate traps and non-radiative recombinationeceror the electron hole pairs. The
GaAs control cell lower efficiency is limited by ehstructure design, meaning pn

homojunction. The MOCVD grown three-stack InAs QBdar cells exhibits lower
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efficiency, compared to the MBE grown six-stack $n@Ds due to lower QDs stacks and
thus thinner i-region.

From the spectral response measurements InAs @D aglls, grown by MBE or
MOCVD, show photon absorption at wavelengths all®aés wavelength to 1200 nm,
indicating photon current contribution due to In@®s. Both the MBE grown samples,
GaAs control cell and InAs six-stack solar cellowled the same values for the
photocurrent density below GaAs bandgap wavelef@@® nm). This indicates high
quality material for the MBE grown samples.

Different processing techniques are used and shdhatdmesa structures with
SibN3 sidewall passivation have higher short circuitrent. This may be due to lower
leakage current and better sidewall crystal qualityis effect led to a slight increase in
the QD solar cell efficiency fabricated using withéeng technique.

Scaling effects are studied by fabricating 5x5mr8mMBm, and 2x2mm solar cells.
From the |-V measurements of these solar cellsshtwet circuit current scales with the
area while the series resistances do not scaletiathrea. This observation is explained
by a simple model, which includes contact resistaartd material resistance connected in
series. Scaling down the device increases corgadtance while decreasing the material
resistance. Both effects cancel each other, whiebp& the total series resistance
approximately constant. We also observed that ffieiemcies and the open circuit
voltage do not scale with the devices dimensions.

Future research work is needed to further inveighe IBSC model. New

structure designs, with different bandgap mater@zds be proposed to study the effect of
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inserting InAs QDs as i-region in the solar celtsustures [40]. In addition, new

processing techniques may help improve the solapedormance.
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