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PREFACE

This project's objective is to improve our understanding of the generation_ recombination, and
transport of carriers within III-V homo- and heterostructures. The research itself consists of
fabricating and characterizing solar cell "building blocks" such as jtmctions and heterojunctions
as well as basic measurements of material parameters. A significant effort is also being directed
at characterizing loss mechanisms in high-quality, m-V solar cells fabricated in industrial
research laboratories throughout the United States. The project's goal is to use our understand-
ing of the device physics of high-_fficiency cell components to maximize cell efficiency. A
related goal is the demonstration of new cell structures fabricated by molecular beam epitaxy
(MBE). The development of measurement techniques and characterization methodologies is
also a project objective.

This report describes our progress during the fifth and final year of the project. During the past
five years, we've learned a great deal about heavy doping effects in p. and n+ GaAs and have
explored their implications for solar cells. We have de'_eloped an understanding of the dominant
recombination losses in present-day, tfigh-efficiency cells. We've learned to appreciated the
importance of recombination at the perimeter of the cell and have developed techniques for
chemically passivating such edges. Finally, we've demonstrated that films grown by molecular
beam epitaxy are suitable for high-efficiency cell research.

For the past year, our efforts have been directed at finishing up several of our on-going studies.
Effects of heavy doping on GaAs solar cells were addressed in a paper presented at the 21st Pho-
tovoltaic Specialists Conference. We completed studies of perimeter recombination and
developed a computer model to simulate such effects. The importance of perimeter recombina-
tion for GaAs solar cells and for diagnostic measurements was addressed in another PVSC
paper. A new chemical treatment capable of permanently passivating GaAs surfaces was
demonstrated. In collaboration with Professor R.L. Gunshot of Purdue, we also passivated an
MBE-grown, n on p, GaAs solar cell with an MBE-grown, pseudomorphic ZnSe layer. (Cell
fabrication and electrical characterization is now underway.) Finally, solar cell applications of
MBE-grown cells were demonstrated. I-Iigh-efficieney Ga.As cells as large as 2 cmby 4 cm were
demonstrated, and an A10.2Ga0.8As with record efficiency was demonstrated.

Success in this work would not have been possible without the generous cooperation of col-
leagues in industry. We owe special thanks to Steve Tobin, Stan Vernon, and their colleagues at
Spire Corporation for sharing their knowledge of high-efficiency cells and for fabricating GaAs
and A1GaAs cells using our MBE-grown films. We also thank Peter Iles, Frank Ho, and Charles
Chu from Applied Solar Energy Corporation for working with us to fabricate 2 cm by 4 cm
GaAs solar cells with MBE-grown ftlms. The work descaSbed in this report was supported by the
Solar Energy Research Institute. We owe a specialdebt to Cecile Leboeuf and John Benner for
their sustained support during the course of this work. Our research also benefited by collabora-
tions with three graduate student researchers not supported by SERI. Harry Chuang was sup-
ported by the Indiana Corporation for Science and and Technology, Martin Klausmeier-Brown
by a feUowship from the Eastman Kodak Company, and Paul Dodd by a President's Fellowship
from Purdue University.
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SUMMARY
J

ProjectOverview

SolarceU efficiencyisdeterminedbothby materialqualityand by devicedesign.As the
efficienciesofbothsingleandmultiplejunctionITI-Vsolarcellscontinuetorise,itisbecoming
increasinglyimportanttocarefullyexaminetheinternaldevicephysicsofsolarcellssothatcell
designscanbetailored,tothematerialconstraints.The needfora soundunderstandingofinter-
naidevicephysicsisclearlyillustratedby themore maturecrystallinesiliconcelltechnology.
Afterabroadprogramofbasicstudiesinthelate1970's,siliconsolarcelldesignersnow under-
standtheinternaldistributionofphotocurrentand darkcurrentlosseswitha highdegreeof
confidence.Siliconcellef-ficienciescontinuetoadvance,butprogressnow islargelydue to
innovativecelldesignsratherthantoimprovingmaterialquality.The contimdngprogressinsil-
iconcellefficienciesillustratesthebenefitsofcarefulcelldesignguidedbydetailedknowledge
ofdevicephysics.

In comparisontosilicon,therehasbeanrelativelylittleworkon basicstudiesofcompoundsem-
iconductorsolarcells.Our workisdirectedatmeetingthisneedforanimprovedunderstanding
oftheinternaldevicephysicsandmaterialparametersofcompound semiconductorsolarccUs.
The goalistoidentifytheinternalrecombinationlossesthatcontroltheperformanceofstate-
of-the-a.n,high-efficiencyGaAs-basedsolarcellsandtodevelopcharacterizationmethodologies
andapproachesthatarebroadlyapplicabletocompound semiconductorcells.Anotheraimisto
measureforthefirsttimesome ofthefundamentalparameters(suchastheeffectiveintrinsic
carrierconcentrationandminoritycarriermobility)whichcontroltheperformanceofsolarcells.
Finally,we aim to applythisevolvingdevicephysicsknowledgein ordertoexplorenew
approachesforenhancingsolarcellefficiency.Whilethesebasicstudiesarecontributingtothe
steadyprogressofIII-Vcellefficiencies,theymay atthesame timeleadtoinnovativenew
approachesforachievingsubstantialef_ciencygains.

Scientific and Technical Activities: 1989 - 1990

During the past year, the specific project objectives were to:

• develop a quantitative understanding of perimeter and surface recombination along
with a predictive numerical model to simulate such effects

• explore chemical techniques to permanently passivate GaAs surfaces
o assess the photovoltaic potential of pseudomorphic, ZnSe/GaAs heterostructures
® demonstrate high efficiency GaAs and AlGa_Ascells using films grown in our MBE

facility.

The perimeter and surface recombination studies concluded a long-term effort to understand
such effects as well as their implications for ]II-V solar cells. As a result of this work, we now
have a detailed, numerical model which has been verified experimentally.

Earlier work by our group demonstrated that ammonium sulfide treatments suppress perimeter
recombination _ but only temporarily. During the past year, we have demonstrated _at a new
arsenic glass treatment, developed by E. Yablonovitch at Bellcore, results in a permanent reduc-
tion of perimeter recombination.

• iv .



In collaboration with R.L. Gunshor at Purdue, we have successfully grown pseudomorphic ZnSe
on a GaAs solar cell film. Measurements to assess the photovoltaic quality of the ZnSe/GaAs
interface are underway_

Finally, work to assess the photovoltaic quality of Ga.As fiims grown in our MBE facility contin-
ued. In last year's report, we described a 23.8% 0.5 cm by 0.5 cm hetemface ceil fabricated at
Spire Corporation using a Purdue-grown MBE film. This year Spire also fabricated a 16.1%
A10.2Ga0.sAs solar cell using Purdue-gown material. This result is a record for MBE-grown
A1GaAs. Because it was grown at a temperature lower than optimum, however, we expect that
much higher efficiencies will be achieved. Finally, we collaborated with Applied Solar Energy
Corporation to fabricate large area (2cm by 4 eta) GaAs solar cells. The MBE-grown film had
an average cell efficiency of 18.8% (AM0) which is comparable to results obtained for similar
size cells fabricated from MOCVD material. These results are important because they demon-
su'atc that MBE-grown films are suitable for high-efficiency cell research.

Major Project Accomplishments

Since this is the final project report describing this five-year effort, it seems appropriate to
review the major project accomplishments. , The references listed below refer to those listed in
Appendix 1.

1) Identification of heteroface and perimeter recombination as significant loss factors in
high.efficiency GaAs cells [2,37]. (By focusing on these losses, researchers at Spire Cor-
poration later achieved 1-sun record efficiency GaAs cells.)

2) First measurement of barrier recombination velocity of p+-p back-surface-fields and
demonstration that this conventional feature of cell design was ineffective [15,18].

3) Demonstration that AIGaAs buffer layers provide a useful gettering benefit in solar
cell applications [31]. (This design feature is now a part of Spire's record efficiency GaAs
ceU.)

4) First measurements of effective bandgap shrinkage in p+.GaAs [34]. (This work stimu-
lated similar experiments elsewhere and has now been verified by three different labora-
tories, at Duke University, at IMEC in Belgium, and at IBM's T. J. Watson Lab. The
results explain why p+-p homojunctions are ineffective minority carrier mirrors and have
generated interested within the GaAs bipolar community as weil. The work has resulted in
two invited talks.)

5) Development and first demonstration of passivation of GaAs surfaces by ammonium
sulfide [32]. (A previously reported treatment, sodium sulfide displayed an undersirablc
shunt leakage. Thr, effectiveness of this treatment has now been verified by a number of
laboratories. Researchers at Bellcore find that the ammonium sulfide treatment produces
the lowest surface recombination velocity of any of the recently-reported chemical treat-
ments.)

6) Development of isothermal current DLTS for solar cell diagnostics [40]. (Conventional
capacitance DLTS is difficult to apply to large area solar cells, but one can readily use
current transients. The isothermal technique makes it possible to determine a trap's energy
level from a single temperature measurement, which makes the technique useful to routine
diagnostic applications.)

7) Characterization of n+n back.surface f_elds [41]. (This work demonstrated that, in con-
trast to p+-p barriers, these barriers were effective in minority carrier confinement. The
results suggests that the effective gap shrinkage that occurs in p+-GaAs is relatively minor
in n+-GaAs. It confirmed recent work by researchers at RPI and provided additional infor-
marion on the minority hole diffusion coefficient.)
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8) First chemical analysis of chemically passivated GaAs surfaces [39,42]. (This work, ,
published simultaneously with independent work by Bellcore researchers, used XPS
analysistoshow thatthetreatedsurfacewas freeofoxygenandcontainedlessthanone
monolayerofsulfur.)

9) AchievementofrecordefficiencyMBE.grown GaAs p/nheterofacecell[23,44].(The
efficiencyofthiscellwas onlyonepercentagepointbelowthebestreportedefficiencyfor
MOCVD-grown GaAs and demonstratesthehighqualityofthematerialnow beingpro-
duced inourMBE facility.The filmwas thefirstsolarceilfilmgrowninthesystemand
hadobviousproblemsthatwe expecttocorrect.)

10) ExtensionofeffectivebandgapshrinkagemeasurementstoNA = 1020cm-3 [4,46,47].
(Thiswork used a new techniquewhich verifiedthe originallyreportedresultsand
extendedthembyone orderofmagnitude.The workprovidesdatainadopingrangecom-
monly encounteredforGaAs solarcellsandbipolartransistorsanddisplayedsome interest-
ingdifferenceswiththeoreticalpredictionsandwiththecorrespondingresultforp+-Si.)

11) Observationof a strong orientationdependence for perimeterrecombination
[4,10,48].(Thisworkshowedthatperimeterrecombinationcurrentscanvaryby afactorof
five depending on the crystallographic orientation of the diode. The results may explain
some of the variability observed in dark current measurements and may offer a means to
minimize this recombination loss.)

12) Demonstration of large-area, high.efficiency MBE-grown GaAs solar cells [53]. (This
work demonstrates that the defect densities of MBE-grown films are low enough for high-
efficiency cell research.)

Overview of the Report

Thisreportconsistsofseveralchapterswhichdescribesome of lastyear'sresearchactivities.
OtherresearchisdescribedinthereprintscontainedinAppendix1.ChapterIdescribesexperi-
mentalandtheoreticalwork onperimeterandsurfacerecombination,ltdescribesmeasurements
tocharacterizesuchrecombinationaswellastheextensionofthePUPHS2D model to treat
theseeffects.A new surfacepassivationtreatment,As2S3,which appearstoproducea pcr-
manentreductionofsurfacerecombinationisdescribedinChapter2.As discussedinChapter
3,we havecollaboratedwithoutsidelaboratoriestofabricateandcharacterizeavarietyofhigh-
efficiencycellsusingMBE-grown films.Finally,inChapter4,we presentsome thoughtson
how innovativedesignsmightbeusedtoadvantageforIII-Vcells.The reportalsocontainsone
appendix.AppendixI isa completelistofthepublicationsthathaveresultedduringthecourse
of the project.

Conclusions

During the past five years, we've learned a great deal about GaAs material properties and solar
cell device physics. We now understand much more about the fundamental device physics of
GaAs and the importance of various loss mechanisms in state-of-the-art cells. GaAs cell
efficiencies continue to rise, but as the material quality improves, the role of cell design becomes
increasingly important. With the knowledge gained by these basic studies, it should now be pos-
sible to critically assess, with a high degree of confidence, the potential for innovative GaAs-
based solar cell designs.
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CHAPTER 1

Surface and Perimeter Recombination in GaAs Diodes:

An Experimental and Theoretical Investigation

I. Introduction

Gallium arsenide surfaces contain high densities of charged states and

recombination centers which degrade the performance of electronic devices [1].

Recombination at the illundnated surface reduces a solar cell's photocurrent, and

recombination along the cell's perimeter increases its dark current [2]. Perimeter

recombination similarly degrades the performance of heterojunction bipolar transistors by

produchlg a size effect which reduces the gain of small devices [3,4]. To suppress surface

and perimeter recombination, a variety of novel device designs and surface treatments are

being explored [5,6]. A quantitative understanding of surface recombination must be

developed in order to analyze and design GaAs bipolar devices. _In this chapter, we present

a detailed experimental characterization of surface andperimeter recombination in GaAs p/n

diodes and analyze the experiments using a comprehensive numerical model. The

objectives are to gain insight into the nature of surface and perimeter recombination in

GaAs devices as well as to develop a quantitative model for device applications.

For the l_/nheteroface diode illustratedin Fig. 1, recombination along the surface of

the p+ layer is usually characterized by a minority carder surface recombination velocity of

SF = 107 cre/see [7]. Recombination along the perimeter influences the diode's dark

current, which is determined by the integrated recombination rate. By integrating across

the junction space--charge region alone, we find the bulk current to be

X_

Ib = qA ( R (y)dy = qnieA_ Weft ( e qV/n_T-1) ,
d

-Xp (la)

_l -I-



contact

surface recombination

perimeter recombination

n GaAs

n AIGaAs

Fig. 1. Typical heteroface diode structure.

where A is the junction area and 'ro = ,4¢no1:po. The Shockley-Read-Hall (SRH)

recombination rate, R(y), peaks where 1:pen(y)= 'Chop(y),and the effective width over
' which recombination occurs is [8]

kT/q
Weff =_ 2 @ ' (ib)

where E:yis the electric field normal to the junction where the recombination rate is at its
maximum. Recombinationin the junction space-charge region typically results in a current

with an ideaIky factor of nb = 2 with Weft being a very small fraction of the junction's

space-charge region width.



The perimeter em_nt is obtained by integrating the surface recombination rate along

the diode'sperimeter,

Ip = qP f RS (y)dy = qniesoLs P (e qV/n,kT _ 1) ,
J (2)

where P is the diode's perimeter, n s is the ideality factor associated with the p¢i_meter

current, Ls is the effective width for surface recombination, and So = qSno Spo. '_ When
there are no charged states at the exposed perimeter, the perimeter current can be

decomposed into two components. Where the junction space--charge region intersects the

perimeter, we find ns _ 2 and Ls -- Weft as given in (lb), so this current component

produces an n -- 2 current much like recombination in the bulk space--charge region.

Carriers injected into the quasi-neutral regions can also diffuse to the perimeter and

recombine which leads to an n = 1 component of the perimeter current. For the total

perimeter recombination current, the ideality factor varies with bias bom n _ 2 at low

biases to n = 1 at high biases.

In GaAs, surface states tend to deplete the semiconductor near exposed surfaces.

Figure 2 shows the equilibrium electrostatic potential versus position for a p/n heteroface

diode similar to that sketched in Fig. 1. (The electrostatic potential was computed

numerically as described in See. IU. ) The band bending produces a surface channel, and

the built-in potential of the surface diode is considerably smaller than that of the bulk

junction. For this mason, theoretical analyses of perimeter currents have focused on carrier

injection and recombination in the surface channel [9,10]. Henry et al. [9] developed an

analytical expression for the perimeter current based on a number of assumptions including

constant quasi-Fermi levels in the surface space--charge region. Their result is much like

(2) with an ideality factor of about 2, but Ls is termed a surface diffusion length and

characterizes carrier injection and recombination in the surface channel. In this view, the

perimeter current is controlled by recombination in the surface channels outside of the

region where the junction space--charge layer intersects the perimeter.

To treat perimeter recombination accurately, detailed numerical solutions are

required. Figure 3 shows the forward-biased internal recombination rate within the diode

sketched in Fig. 1. Both bulk and perimeter recombination are observed, but perimeter

recombination dominates. (The numerical model and the input parameters for this

simulation are discussed later. ) The simulation shows recombination where the junction

space--charge layer intersects the perimeter as well as within the surface channels. Similar

numerical simulations have been employed to examine perimeter recombination in



• Fig. 2. Equilibrium electrostatic potential versus position in hctcrofacc GaAs diode

similar to Fig. 1with perimeter rccombination states along right edge. Note

surface channel Causedby partial Fermi-level pinning.
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Fig. 3a. IntcmaJ volume recombinationmtc in a GaAs hctcroface diode with surface

states under 0.6 V of forward bias. Plotted on logarithmic sca.lc.. .

=



(l_m) 0.6 (i_m)

0.1
16. O.

Fig. 3b. Internal volume recombination rate irla GaAs heteroface diode with surface

states under 0.6 V of forward bias. Plotted on linear scale.
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heterojunctionbipolartransistors[10,11].The simulationsof Tiwarietal.[I0]

demonstratethattheconstantquasi-Fermilevelapproximationdoesn'tapplyandthatthe

perimeterrecombinationcurrentidealityfactorhasastrongbiasdependence.To establish

thevalidityofsuchmodels and thevaluesofinputparameterssuchasthesurface

recombinationvelocity,detailedcomparisonswithextent needtobeundertaken.

Our purposeinthischapteristodescribeexperimentstoisolateperimeterandbulk

recombinationcurrentsinGaAs p/ndiodesandtocomparemeasuredresultswithnumerical

simulations.We choosetowork withp/nhomojunctiondiodesinordertoavoidthe

additionalcomplicationsintroducedbytwo-dimensionalgeometriesandheterojunctionsin

devicessuchasHBT's. Numericalanalysiswillalsobe employedtodescribethe

importantfeaturesofperimeterrecombinationinGa.Asdiodes.The resultsdemonstrate

thatsurfaceandperimeterrecombinationcanbeaccuratelysimulatedusingasimplemodel

fortheGaAs surface.Simulationresultsalsodemonstratethatcarrierinjectioninthe

surfacechannelsisnotthecontrollingfactorinthesedevices.Theseresultsclarifythe

importantfeaturesofperimeterandsurfacerecombinationinGaAs diodesandshouldserve

asausefulguideforwhattoexpectinmorecomplex,heterojunctiondevices.

Thischapterisorganizedasfollows.InSec.II,we describetheexperimentalwork

tocharacterizesw'faceandbulkrecombinationcurrentsinGaAs p/njunctiondiodes.The

numericalmodelusedtosimulatetheexperimentisdescribedinScc.III,andinSec.IV we

comparesimulatedandmeasuredresults.We discusstheresultsinSec.V andsummarize

themainconclusionsinScc.VI.

H. Experimental Results

Film Growth.and Device Processing

The structureofFig.Iwas designedtosuppressthebulkdiffusioncurrentsothat

perimeterrecombinationcouldbeexplored.The deviceusesheterofacebarrierstoreduce

this surface recombination by surrounding the GaAs p+/n junction with the wider-bandgap

material AlxGal_xAs. Since this technique greatly suppresses the n=l current component,

the n=2 perimeter recombination current is the largest contributor to the dark current at

biases below one volt.

The GaAs and AlxGal_xAs layers were grown on a two-inch liquid-encapsulated--

Czochralski (LEC) (100)--GaAs substrate in a Varian GEN II molecular beam epitaxy

(MBE) system at Purdue University. The source materials consisted of elemental gallium,

arsenic, and aluminum, with beryllium and silicon used as p-- and n-type dopants,

respectively. The layers were grown at a substrate temperature of 600"C (the oxide

t _Tm
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deso_tion temperature was 580°C). A superlattice layer consisting of 20 periods of 28 A
O

A10.33Ga0.67As barriers and 31 A GaAs wells was incorporated in the f'flm structure to

reduce diffusion of impurities from the substrate intothe growing film [12]. Reflection

high-energy electron diffraction patternswere used to monitor the growth rate and growth

conditions. Each of two gallium furnaces produced a flux corresponding to a growth rate

of 0.5 _m/hr, for a net growth rate of 1.0 _m/hr. The As4 to total Ga beam equivalent

pressure measured with an ion-gauge in the substrate growth position was 27.

In order to separate the current components, the processed devices consisted of

squares with areas ranging from 2.5x10 -5 to 0.01 cm 2 and perimeter-to-_rea (P/A) ratios

varying from 40 to 800 cm-1. The masking levels also included devices necessary to study

the effect of crystallographic orientation on perimeter recombination [13], and 0.5 cmx 0.5

cm solar cells. The processing was as follows, First, a back ohmic contact was formed by

alloying indium at 350"C for 1 minute because a non-indium wafer mount was used during

the MBE _owth. Front metallization lift-off patterns were then defined, TUAu was

electron-beam evaporated to form non-alloyed ohmic contacts, and the photoresist was
°

dissolved in acetone to remove the excess metal. Following the metal deposition, mesas

were defined using conventional photolithography and etched in a 25"C

methanol:H202:H20:H3PO 4 3:1:1:1 soIution for 1 rain 15 see. The etch rate was

approximately two microns per minute making this etch suitable for mesa isolation.

Measured I-V Characteristics

The current versus voltage characteristics of a 64 km by 64 I.tmdiode at 25.8°C are

displayed in Fig. 4 along with the diode's ideality factor versus voltage. To characterize

this device, we seek to quantify the bias--dependent contributions of perimeter and bulk

recombination to the current. Another objective is to determine whether the drop in ideality

factor for VA > 0,9 V is due to perimeter or bulk recombination.

The bulk and perimeter recombination currents were examined by performing

detailed measurements of the diode current-voltage characteristics for diodes with several

P/A ratios. The ideality factors and saturation current densities were separated by using a

plot of the total current density versus P/A ratio at incremental voltage steps as shown in

Fig. 5. The total current in the diode may be written as the sum of the bulk and perimeter

current components, with the perimeter current scaling as P/A:

' Z o, : So.B( e#Val"'kr-1 ) + lo,m( eqVAl'kr 1)A (3)

'1 --8-- _
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Fig. 4. Experimental and simulated current-voltage characteristics and current

ideality factors of heteroface GaAs diode shown in Fig. 2. Simulation

parameters are S = 4x105 cre/s, surface trap concentration of 5x1012cm-2,
and carrier lifetimes of 1nsec.



As shown in Fig. 5, (3) accurately describes our devices. The slope of I/A'versus VA is

related to the perimeter current and the intercept to the bulk current. For this 64 _m by 64

_ttn diode, the perimeter current dominates for applied biases up to 1.0 volt.

For a small voltage step z_V-V 2 -V1, the slopes of two adjacent lines may be used

to extract uheperimeter saturation current density and ideality factor:.

' slopel = JonP e qel/npkT 1 , (4a)

slope2 = JonP e qV2/'nPkT- 1 . (4b)

At each voltage, the slope is determined from a simple least-squares fit to the experimental

data. Equation (4) is then just a system of two equations in two unknowns which is solved

for JonP and hp. Similarly, the bulk saturation current density and ideality factor may be

determined from the intercepts of the lines.

35

30
,_,_

25
.2o

5

: _ 0

P/A Ratio(eta-1)

Fig. 5. Diode current density versus P/A ratio at 0.7, 0.75, and 0.8 volts.
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The idcality factors vs. bias for the total, perimeter, and bulk currents are displayed

in Fig. 6a. The bulk current ideality factor shows a strong bias dependence, varying from

n = 1.8 at low bias where recombination in the junction space charge region dominates to n

= I for high applied biases where recombination in the quasi-neutral regions dominates

(for biases above I volt, the series resistance becomes important and idcality factors can not

be extracted). The perimeter ideality factor shows a similar, though weaker, bias

dependence. Finally, Fig. 6b shows that the perimeter current domina_s for VA < 0.9 V,

above wbJch bulk recombination becomes important.

The experimentally observed bulk current is well-described by conventional p/n

junction theory. The bias-dependent idcality factor for the perimeter current was not

predicted by Henry et al. [9] but has been discovered by numerical simulations[10]. In the

next section we employ numerical simulation to examine the physics of perimeter
recombination.

III. Model Description

The two-d/mcnsional device simulator, PUPHS2D, [14] was modified to include

surface states and Fermi level pinning using an approach similar to [11]. The model is

based on a drift--diffusion description of carrier transport and treats AlxGal_xAs

heterostructures. A bandgap narrowing model for heavily--doped p--type GaAs based on

the data of Klausmeier-Brown [15] is present, but was not used in the computations since

the diodes were designed to suppress injection currents. Surface recombination is modeled

with SRH recombination through deep level traps. We assume two discrete trap levels,

donor-like and acceptor-like. If the surface densities (pcr cm 2) of these traps are denoted

by NTD and NTA, then the ionized trap surface densities NTD + and NTA- are given by

[16]: NT_ = Snrl ntd + Spa Ps
NTD Snd (ns +nt d) + Spa (Ps +Ptd )

NTA = Sna ns + Spa Pta
NTA Sna (ns +nta) + Spa (Ps +Pta) ' (5)

where Ps and ns are the surface hole and electron concentrations, Snd, S1xl, Sna and Spa
are the electron and hole surface recombination velocities for donor-like and acceptor-l_e

traps, and ntd, Ptd, nta, and Pta are the electron and hole concentrations that would exist

if the Fermi level were pinned at the donor or acceptor levels, For example,

-11-
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nt a _ nice (Etrr-Ei)/kT , (6)

where EDT is the energy level of the donor-like traps. The effect of the charge of the

ionized traps alters the boundary condition to the Poisson equation (obtained from applying

Gauss' law about a small box at the semiconductor-free space interface) according to:

v w = q (NT + +NF ) t

es (7)

where ff is a unit vector normal to the surface, es is the semiconductor dielectric

constant at the surface, and qN F is the f'Lxedcharge at the surface. Note that while NF is

constant, NTD+ and NTA- will vary with bias. "the surface recombination rate is then

given by:

ns Ps- ni 2 ns Ps- ni 2= +

Rs l (ns, + ntd ) + 1(ps + Ptd ) 1 (ns +nta) + 1 (Ps + Pta)
Spd ' Snd Spa _na

(8)
The lh'st term represents recombination at the donor-like surface traps and the second

recombination at the acceptor-like traps.

While the model is formulated in terms of two discrete surface trap energy levels, it

was found that for traps located near midgap [1], there is little practical difference between

two trap levels off midgap and one trap level located at midgap. All simulation results

reported in this chapter were therefore performed with equal concentrations of acceptor-like

and donor-like traps located at midgap. In addition, equal surface recombination velocities

were assumed throughout.

IV. Simulation Results

Current-Voltage Characteristics

The terminal characteristics of the GaAs p/n diodes described in Section II were

computed with the numerical simulation program in order to study the perimeter

recombination mechanism. The resultant current-voltage characteristics are compared to

the measured results in Fig. 4. Bulk lifetimes of 1 ns were used in the calculation. The

surface parameters were a total surface trap concentration of 5x1012 em -2 , and surface

recombination velocities Sn = Sp = 4x 105 cre/s, where Sn = Snd + Sna and similarly for Sp.

The corresponding capture coefficients (e.g. end = Snd/NTI) ) are then 8x10 -8 cm3/s. It

can be seen in Fig. 4 that the simulated current-voltage behavior using these parameters



reproduces the actual data very well until high bias voltages are applied, when the actual

device exhibits higher series resistance than the model predicts. It should be mentioned that

the surface model contains eight adjustable parameters: Snc1, Spa, Sna, Spa, NTD, NTA,
and the trap energy levels. It is for this reason that we choose the simplest possible model

by assuming equal recombination velocities, trap concentrations, and energy !evels

positioned at midgap' We demonstrate later that this simple model accurately describes
both the dark and illuminated characteristics of these diodes,

The perimeter current ideality factor exhibits an inclination toward an n = 1 ideality

factor, which is shown in Fig. 7, a plot of the experimentally observed and simulated

perimeter current ideality factor versus bias voltage. The simulation shows a strong drop in

the perimeter ideality factor above 1 V of bias, reaching a minimum value of about 1.5

before rising due to series resistance. A similar strong bias dependence to the perimeter

current ideality factor has been reported by Tiwari and colleagues [10]. In See. V we

discuss the physical origin of the bias dependence.

Internal Quantum Efficiency vs. Wavelength

As will be discussed in Section V, the choice of surface recombination velocity and

surface state density used to fit the measured I-V characteristic is not unique. The model

was further tested by examining the diode's photocurrent response. For this experiment,

the passivating AlxGal_xAs heteroface was removed from the p+ layer by chemical etc_ng.

Figure 8 shows the measured internal quantum efficiency versus wavelength. For short

wavelengths, carriers are generated nem' the p+ surface, where they recombine leading to a

low quantum efficiency. Also shown in Fig. 8 is the simulated quantum efficiency vs.

wavelength using the same recombination parameters employed to match the dark I-V

characteristics. We observe that the simple model can therefore reproduce both the dark

and illuminated characteristics of these devices with S = 4x10 5 cm/s and NTD = 5x1012
cm-2.
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V. Discussion _

Current-Voltage Characteristics

Both the measured and simulated results show that the perimeter current has a

nearly constant ideality factor of n = 2 for low biases but that it decreases for high applied

biaseS. For low biases, the theory of Henry et al. [9] should apply. Figure 3 shows,

however, that the perimeter recombination occurs primarily where the junction space-

charge region intersects the surface- not in the surface channels outside the junction

depletion region as assumed by Henry et al. From (2) with so = 4x105 cre/s, we estimate
o

the effective width for surface recomblnadon as Ls = 350 A under a forward bias of 0.6

volts. This should be compared with the effective width for recombination in the bulk

junction space-charge region which is estimated from (Ib) as W_ff = 32 A and the junction
0

depletion region width which is = 760 A. The charged surface states at the perimeter

reduce the electric field, 8O' which_ according to (lb) increases the width over which
recombination occurs.

Both the measured results and the simulation show that the perimeter cun'ent

ideality factor decreases under high applied bias. Fig,.u'e 9 is a plot of the normalized

recombination rate versus position along the perimeter. For low and moderate applied

biases, perimeter recombination occurs where the junction depletion region intersects the

perimeter. The ideality factor is about 2, similar to the bulk space--charge recombination

current, but the surface states alter the elecu'ostatics which broadens the recombination

peak. As the bias increases, perimeter recombination spreads to the surface channels

outside the junction space-charge region. As Tiwari observed, under such conditions, the

perimeter current ideality factor decreases and approaches unity [10].

Previous workers have emphasized the role of carrier injection in the surface

channels. Although the barrier height at the surface (Vbis as def'med in Fig. 2) is reduced

by the band bending at the surface, majority carriers enter the channel through the bulk

regions where they must surmount an additional barrier. So it is not clear that injection in

the surface channel should dominate. To investigate the importance of injection in the

surface channel for these diodes, it is necessary to establish where the carriers that

recombine in the channel originate. Figure 10 is a plot of the electron current flow within

the diode under a bias of 1.4 volts. The conf'mement of the injected minority carrier

electrons by the heteroface, and their consequent lateral diffusion to the perimeter are

readily observed. For these diodes, the carriers recombining within the surface channel are

primarily those injected into the bulk quasi-neutral region which then diffuse to the

perimeter; injection in the surface channel does not play an important role.

-17-
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Fig. 9. Normalized perimeter recombination rate versus position in GaAs diode,

with forward bias voltage as a parameter. Note spreading of recombination

peak as bias is increased. At 1.4 V, the peak has spread to the heterofaces,

causing the profile to change dramatically.
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Fig. 10. Electron current flow pattern within the heteroface diode at a bias of 1.4.V.

The shading indicates the p+ region of the diode, and the size of the arrows

indicates the r_ladve ma_itudc of the current.



As mentioned previously, the choice of S and NT to match the measured I-V

characteristics is not unique, lt is even possible ro march the data, including the bias-

dependent perimeter current ideality factor, with NT = 0 ff S is increased to 107 cm/s. This

is another indication that conduction in the surface channels dees not play an important

role.When N T = O,theelectricfieldwherethejuncdonintersectsthepcrimetcrisidentical

to that in the bulk, so Ls = Wdf. As the surface smt_ density is increased, the electric field

is reduced, which broadens the recombination peak so that a smaller surface recombination

velocity is required, lt is not possible to identify a unique S and NT from the measured

dark I-V characteristics, but additional information on surface recombination is av'a.ilable

by examining the measured internal quantum efficiency versus wavelength.

Internal Quantum Efficiency vs. Wavelength

When the passivating A1GaAs layer is removed, the short-wavelength internal

quantum efficiency is sensitive to recombination at the exposed surface of the p+ layer. As

demonstrated by Fig. 8, the simple model with S = 4x105 cm/s and NT = 5x1012 em -2

dees a good job of reproducing the measured photocurrent versus wavelength as well as

the measured dark I-V characteristic. Again, the choice of NT and S are not unique, but

we find that with NT - 1013 cm-2 the simulation underestimates the short wavelength

quantum efficiency, even with S = 0. For this case, the band bending at the surface

produces a potential well that confines the photogenerated carriers. With NT = 0 it is still

possible to match the measured quannnn efficiency, but S must be increased to 107 em/s.

Internal quantum efficiency measurements are routinely analyzed by solving a

minority carrier diffusion equation igTloring the space-charge layer at the surface [17]. In

this case, the surface recombination velocity is really an effective value which relates the

current density to the excess minority carrier concentration by:

Jn(xl) = q S_ An(x1) . (9)

When interpreting the measured quantum efficiency for devices with exposed Ga.As

surfaces, values of Serf = 107 cm/s are commotfly obtained [7]. Evidently, the band

bending caused by the charged states along with S = 4x105 cm/s produces an effective

surface recombination velocity of = 107 cm/s. This hypothesis can be tested by examining

the numerical simulation results. By evaluating the excess electron concentration and the

electron current at the boundary of the surface space--charge layer, we deduce Serf =

1.1x107 cm/s. So a surface state density of 5x1012 cm-2 and S = 4x105 cm/s reproduces
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the measured quantum efficiency ofourdiodes and produces the effective recombination

velociwcomraonlyobservedinpractice[7]. ,

VI. Conclusion

GaAs hetcroface diodes have been studied experimentally and with numcrical

modcling in order to determine the mechanisms responsible for surface and perimeter

recombination. An experimental technique was described which allows extraction of the

perimeter and buLk current components. A surface model which treats Fermi lcvcl pinning

by SRH recombination through deep level traps was used and extensively compared to the

experimental data for the purpose of verifying the model and quantifying the model

parameters. A density of 5x1012 cm-2 traps located at midgap with surface recombination

velocities of 4x10 5 cm/s were found to reproduce the experimental data very weil. Both the

dark current versus voltage and the internal quantum efficiency versus wavelength are well

described by this simple model.

For the GaAs homojunction diodes investigated, we found that the diode current

under moderate forward bias was controlled by recombination along the perimeter. Most

of the recombination occurs where the junction space-charge region intersects the

perimeter, and it results in an ideality factor of = 2. Both the measured data and the

computer model show that the ideality factor of the perimeter current decreases under high

forward bias. The computer modeling results demonstrate that the decrease in ideality

factor is caused by carriers injected in the bulk regions diffusing to the perimeter. For these

devices, there appears tobe little injection of carriers into the surface channel induced by

Fermi level pinning. Computer modeling experiments uncovered no distinctive features in

the current-volt.age characteristic which could be attributed to Fermi level pinning. We

fotmd that the dark and illuminated characteristics could even be modeled by ignoring the

charge on the surface states and employing an effective surface recombination velocity of

107 cm/s. In conclusion, we have demonstrated that a simple, one-level model of the

GaAs surface can account for the measured characteristics of GaAs homojunction diodes.

: We also demonsu'ated that the surface channels introduce no distinctive features in the

simulated characteristics of such devices, so the common practice of ignoring the surface

state charge and using an effective surface recombination velocity of = 107 cm/s can be

justified.
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CHAPTER 2

As2S3 PASSIVATION OF GaAs SURFACES

2.1INTRODUCTION

In the last few years it has been shown that chemical treatments of OaAs surfaces with

inorganic sulfides can produce dramatic modifications of the surface electrical properties [1-6].

The gains of non-self-aligned heterojunction bipolar transistors (HBTs) have been shown to

increase by 60-fold with treatment of the emitter base junction with Na2S'9H20 [1,2]. Reduc-

tion in edge recombination currents have been observed with Na2S'9H20 and ammonium

sulfide treatment of GaAs pn homojunction solar cells [3]. These reductions in perimeter
currents can be attributed to the reduction in surface recombination of the GaAs surface after

the inorganic sulfide treatment [6]. The chemical naun'e of one of these iuorganic sulfide treat-

ments, ammonium sulfide, has been investigated with X-ray phoroelecwon spectroscopy (XPS)

[8-10]. The XPS studies found that the ammonium sulfide treatment removes surface oxides

and terminates the GaAs surface with about a monolayer of sulfur. Since the ammonium sulfide

chemically modified GaAs surface is terminated with just a monolayer of sulfur, it is not

surprising that the surface eventually degrades back to its initial electrical characteristics due to

reoxidation of the underlying GaAs [9]. Recently, Yablonovitch et al. [1 l] have developed a

sulfide chemical treatment which leaves the GaAs surface coated with an amorphous As2S3

layer. This As2S3 chemical u'ea.rmenrresulted in a 100-fold reduction in perimeter current for

conventional double heterosrructure lasers with no degradation after four months. This absence

of degradation was attributed to the impermeability of the As2S3 glass which prevents oxygen

from diffusing ro the GaAs surface.

We have previously shown that perimeter recombination can control the 2kT current in

GaAs solar cells as large as 2cre x 2cre [12]. Perhaps as important is that the characteristics of

small area devices which are used for diagnostics are dominated by perimeter recombination.

Therefore a permanent passivation of GaAs surfaces would have benefits for GaAs solar cells.

In tiffs chapter we repor_ our investigations of the passivation of pn homojunction GaAs diodes

and self,- aligned HBTs with the As2S3 chemical treatment.

1
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2.2 As2S3 PASSIVATION OF OaAspn 7GNCTIONS

The A1GaAs/GaAs diode structure used in this experiment is shown in Fig, 2.1. The epi-

taxial layers were grown in a Varian GEN H molecular beam epitaxy system ona piece of two-. '

inch diameter semi-insulating (100) Ga.Assubstrate indium soldered to a molybdenum growth

block. The epitaxial layers were grown at a substrate temperature of 600°C. Si was used as the

n-type dopant and Be as the p-type dopant. The doping densities of the epitaxial layers were

determined from the calibrated temperatures of the dopant ovens.

All the diodes were oriented along the (110) planes (the natural cleavage planes.) Alloyed

AuGe/Ni/Ti/Au was used for the n-type ohmic contact. The p-type layer was electrically con-

tacted through the substrate via the excess indium left over from the film growth. The n'type

contacts were defined by a conventional liftoff technique. Wet etching of the AlGa.As and

GaAs layers was performed using 3:3:1:1 MeOH:H20:H202 •H3PO4.

After fabrication, the diodes were electrically characterized. Contact was made to the

diodes by probing on a micromanipulator model 6000 probe station and elec_cal data was

taken with a Hewlett Packard model 4145 semiconductor parameter analyzer. Following the
electrical characterization, the diodes underwent the As2S3 chemical treatment.

The As2S3 chemical treatment consisted of an oxide removal etch in 1:10 NI-I4OH:H20

followed by a 5 minute soak in ammonium sulfide. The sample was then rinsed in deionizcd

water and placed in a solution of' 0.16M As2S3 dissolved in a 1:1 solution of NI_OH:MeOH.

The sample was then spun dry under flowing nitrogen. Following the As2S3 chemical treat-

ment, the diodes were again electrically characterized.

Shown in Fig. 2.2 is the forward current voltage characteristic for a square diode of 50_tm

on a side before and after the As2S3 chemical treatment [13]. At high current levels the device

characteristics arc dominated by series resistance of the top contact and are not shown. As can

readily be seen in Figure 2.2, there is more than an order of magnitude reduction in current after

the As2S3 chemical treatment at biases above where the shunt leakage dominates. Another

significant change due to the As2S3 chemical treatment was a reduction in the ideality factor of

the diode current from n=1.7 to n=1.5 for biases where the shunt leakage is negligible, typically

greater than 0.SV. The shunt leakage observed on the treated devices can be eliminated when

the sample is annealed in nitrogen at 280°C. The a_mealingstep is also necessary to make the

As2S3 film impenetrable to oxygen and permanent. We have not performed this anneal on
GaAs pn junctions but have on HBTs which will be discussed in the next section. Similar
behavior was observed on ali the diodes tested.
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2.3 As2$3 PASSIVATION OF HBTs

Tl_eA1GaAs/GaAs HBT smacm_ used in rb.isexl_riment is shown in Fig. 2.3. The epitax-

ial layers were grown on a v,vo-inch diameter semi- insulating (100) GaAs subs_'ate at a sub-

srcate temperature of 600°C. The top =d Ix_ttom of the AIGaAs emit_r were parabolically

_aded to an A1 mole fraction of 0,3 over 300,_. Ali the HBTs were orien_d at 4S degree to the

(110) planes (the natural cleavage planes) so that wet-etched vertical sidewalls were obtaL_ed,

AlloyedAuGe/Ni/Ti/AuwasUsedforthe n'typecontactsto theemitterandcollector,andnon-

alloyedTi/Auforcontacttothe_p-typebase.The emittercontactwas usedasa mask forboth

thebaseetchandthebasemetallization.A pho_omsistmaskcoveringtheemitterandbasecon-

tactswas usedtodefinethebaseandalsousedasalift-offmaskforthecollectormetallizatlon.

Anotherphotoresistmask was thenusedtodefinethecollectorcontactand deviceisolation.

Wet etcl'dngof the AIGaAs and GaAs layerswere performed using 20:7:1000

NH4OH:H202:H20, whichprovidedwell-definedverticalsidewallsand an undercutratioof

1:1.The baseandcollectorcontactswereonoppositesidesoftheemitterasshowninFig.2.3.

Afterfabrication,theHBTs were electricallycharacterized.Contactsweremade tothe

HBTs byprobingonamicromanipulatormodel6000probestationandelectricaldatawas taken

witha HewlettPackardmodel4143 semiconductorparameteranalyzer,FoUowingtheele,ctri-

calcharacterization,theHBTs underwenttheAs2S3 chemicaltreatment.Inaddition,theAs2S3

treatedH:BTswereannealedat280°C on a graphitestripheaterinflowingnitrogenfor2 rain.

Thisfinalannealstepmakes theAs2S3filmimperme,abletooxygenandresultsina permanent

passivation.

Followingthe_s2S3 chemicaltreatment,theFIBTswereagainelectricallycharacterized.

Shown inFig.2.4isthecollector(lc)andbase(Is)currentsasa functionofthebase-emitter

(Vs_)voltagewiththebasecollectorjunctionshortedforanHBT withanemittersizeof14_Im

x14 grnbeforeandaftertheAs2S3 chemicaltreatment.(I-IBTswithemittersizesof14grnx14

_tmwerethesmallestHBTs we wereabletotestaftertheAs2S3 treatmentwithoutdamaging

thedeviceswhen probingthroughtheAs2S3 film.)No changewas observedinthecollector

currentexceptfora differenceinroll-offathighcurrentlevelsdue toa differenceinseries

resistance.(Thisdifferenceinseriesresistanceisprobablyaconsequenceoftheprobecontact.)

Incontrast,thereisoveranorderofmagnitudereductioninthebasecurrentatbiasesofVBE=)

0.6to0.7V followingtheAs2S3 chemicaltreatment,AlsoseeninFig.2.4isthattheleakage

currentinitiallyobservedinthebasecurrenthasbeeneliminatedbytheAs2S3 chemicaltreat-

mont.AnothersignificantchangeduetotheAs2S3 chemicaltreatmentwas a reductioninthe

ideali.ryfactorofthebasecurrentfromn=I.81ton=1.54forbiasesofVBS=0.7to1,1V,(The

idcalityfactorofthecollectorcurrentforbiasesofVBE=0.9to1.2V was n=I.01_fom and
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afterthechomicaltreatment),Shnflarbehaviorwas observedwifl_alltheu'eat_dI-IBTsandno

degradatlonhasbeenobservedaftertwo monthsexposuretoroom temperatureandatmospheric

conditions.

To illustratetheeffectsofthechemicaltreatmentonthed.c.currentgainoftheHBT, wo

haveplottedtheratiosofthecoUectortobasecurrentsbeforeandafterthetreatmentasafunc-

tionofthecollectorcurrentdensityinFig.2.5.ObservedinFig.2.5isthatthecoUsctorcurrent

densityatwhichgainisfirstobserved(beta=I)hasbeenlowezcdbyabouttwo ordersofmagltl-

rudefollowingtheAs2S3 chemicaltreauncnt.Also,thed.c.currentgainshowsanincreaseof

msre thana factorofI0atthelowercurrentdensities.However,thed.c.currentgainafterthe

As2S3chemicaltreatmentstillexhibitsa strongdependenceoncurrentdensitywhichiscaused

by a contlnucdpresenceofa basecurrentcomponentduetorecombinationintheemit_sr-basc

depletionregion.Thereiseitherstillsome p_rimeterrecombinationor therecombinationis

dominatedby thebulkofthejunctionintheemitter-basedepledor_regionaftertheAs2S3

chemicalu'catment.

2.4SUM_IARY

We haveinves_gatcdthepassivationeftbctsofanAs2S3chemicaltreatmentonpn homo-

junctionOaAs diodesandself-alignedHBTs. Forahomojunctionpndiodeofarea50 )Arnx 50

p.mmore thananorderofmagnitudereductionwas obtainedinthedarkcurrentduetoa_duc-

lioninrecombinationatthemesa-etchedperimeterofthediode.The As2S3 treatmentofthe

HBT alsoresultedinoveran orderof magnitudereductioninthebasecurrentatbiasesof)

VBE---'0.6to0.7V whilothecollectorcurrentdensityatwkichgainwas firstobservedwas

loweredbytwoordersofmagnitude.Even aftertwomonthsexposuretoroom temperatureand

atmosphericconditions,no dsgradatlonwas observedintheHBT characteristics.Furtherinves-

tigationsarcnecessary,buttheAs2S3 treatmenthaspotentialasapermanentpassivationofthe

GaAs surface.
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CHAPTER 3

LARGE AREA GaAs SOLAR CELLS

FABRICATED FROM MBE MATERIAL

3.1INTRODUCTION

Therehasbeenconsiderableresearchandd_velopmcntofhigh-efficiencyGaAs solarcells

usingmaterialgrown by metal-organicchemicalvapordeposition(MOCVD) and molecular

be_maepitaxy(MBE) [I-11].However,itisonlyrecentlythatwe havedemonstratedthatGaAs

solarcellsfabricatedfromMBE materialcanhaveperformancecomparabletothosefabricated

fromMOCVD material[1,1I].We attributeourimprovementsinperformanceofGaAs solar

cellsfabricatedfrom MBE materialtoMBE systemconditioning,higherpurityof source

materials,andpossiblyareductionindefectdensity[1I].Solarcellsarclargeareadevicesand

therefor_requiz_highmaterialuniformityand low d,fectdensities.The largestpreviously

reportedGaAs solarceilsfabricatedfromMBE materialhaveanar_aof0.25cm2 [1,9,11].In

. thischapterwe reportonGaAs solarcellsofarea2x4cm2fabricatedfromMBE material.

3.2 DEVICE FABRICATION

The filmusedinthisworkwas growninaVarian(3EN IIMBE system.The conditioning

oftheMBE systemandsources,andsubstratepreparationhaveb_n reportedpreviously[11].

The cross-sectionofrbecellisshown inFig.3.1.The GaAs layersand theAl0.sGa0_Aswin-

dow layerwcr_grownata rateof1_m pcrhourand withanAs4 togroupIIIbeam equivalent

pressureof 19.Alllayerswen grown ata substrat¢tempcratur,of610°C. The supcrlattice

belowthen-GaAs baseregionconsistedof20 periodsof25_ ofA10.36Gao.64Asbarriersand

25_ GaAs wells,The purposeofthesupcrlattic¢was toactasa backsurfacefieldtoconfine

minoritycarrierholestothen-GaAsbaseregiontoenhancetheircollectionby thepnjunction.

Two Ga effusionfurnaceswereusedwitheachproducinga growthrateof0.Sgmpcrhourfor

il mostofthegrowth.Towardstheendofthegrowthofthep.GaAs emitterr_gion,thetempera.

turesofthegalliumovenswereadjustedsothattheAIo.sG_t#_Aswindow layercouldbcgrown

byclosingtheshutterofoneoftheGa furnaceswhileopeningtheshuttertotheAlfurnace.A 5
-ml
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second growth interruption was incorporated between fl_ep-GaAs emitter and Alo.sGao.2As

window regions to produce a smoother hetero-interface. After film growth, a 2x4 cm2 solar cell

was fabricatedfrom the 5.08 cm diameter wafer at the Applied Solar Energy Corporation. The

front grid metalizadon covered 7% of the area of the cell and made contact dir¢ofly to the p-

Ga.Asemitter region. A double layer antireflection(AR) coatingwas used.

3.3 EXPERIMENTALRESULTS

The cell was measured under 1-sunAM1.5 conditions at the Solar Energy Research Insti-

tute by Keith Emery and exhibited an efficiency of 21.7% at a temperature of 25°C. Displayed

in Fig. 3.2a is the cell's current voltage characteristic along with the measured solar cell param-
eters under 1-sun AM1.5 conditions, The cell was also measured under 1-sun A.M0conditions

at Applied Solar Energy Corporation and exhibited an efficiency of 18.8% at a temperature of

28°C. Displayed in Fig. 3.2b is the cell's clm'ent voltage characte.dsdc along with the measured

solar cell parameters under 1-sun AM0 conditions. These results are comparable to those

obtained for 2x4 cm2 cells which have been grown by MOCVD [5]. Displayed in Fig. 3.3 is the

internal quantum efficiency(IQE) for our cell. A high collection efficiency is seen in the Fig.

3.3 IQE data for short wavelengths indicating a high quality A10.sOa0.2Aswindow layer/p-

GaAs emitter layer hetero-interface. The high collection efficiencies observed for the IQE at

long wavelengths indicates a good minority carrier hole diffusion length in the n-GaAs base

region of the ceil.

MBE material is plagaed by _ defect which has become known as the "oval" defect due to

its shape. Two sources of oval de!Zcts have been identified, particulate contamination and

excess gallium accumulation during growth [12]. Our films routinely exhibit oval defect densi-
ties in the range of 500-1000 cm-2. We therefore have on the order of 4000-8000 oval defects

in our 2x4 cm2 solar cell! We have previously found that these oval defects result in leakage
currents in our solar cells which degrade the fill factor and hence the efficiencies [11]. Plotted

in Fig. 3.4 is the log of current versus voltage for the 2x4 cm2 solar cell along with a dashed

line displaying a voltage dependence eqv/'2kv.Clearly seen in Fig. 3.4 is that the 2x4 cna2 solar

cell exhibits leakage currents which result in diode ideality factors which are greater than 2. In

spite of the leakage currents the 2x4 cm 2 solar cell demonstrated state-of-the-an performance.
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3,4 SI./MMARY

We have fabricated 2x6 cm2 Ga.Assolarc¢11sfrom MBE material. Tiffsis the largest dev-

ice ever fabrigated from an MBE film. The cell demonstrated an efficiency of 18.8% under 1-
sun AM0 conditions which is comparable to results obtained for similar size cells fabricated
from MOCVD material.
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CHAPTER 4

THE THIN.FILM APPROACH to HIGH EFFICIENCY

4.1INTRODUCTION

The repm_ed cffctencies of both silicon and GaAs solar cells under concentration are now

approachingthe30% barrier.SinglejunctionGaAs cellshaveachieveda one-sunefficiencyof

25,7%I and a concentratorefficiencyof29.2%2.GaAs isalsoemployedaspartofa tandem

stackwithsuchdiversesemiconductorsasgermanium,OaSb,AlxGa1_xAs,GalnP2,andsilicon

withefflcienciesreachingashighas35% 3"8.OaAs cellshavebecome theworkhorseofhigh-

efficiencysolarcelltechnologyandresearch.Though theseresultsarepromising,singlejunc-

tionGaAs cellsareapproachinglimitsofefficiencyestablishedby computersimulation9 and

imposed by the fundamentallimitof radiativerecombinationand theirdesign.These

efficienciesarefarbelowcalculatedtheoreticallimitsof3I% and37% forone-sunandconcen-

tratorcellsrespectively,assumingtheradiativerecombinationlimitI0.To achievesignificantly

higherefficienciesinsinglejunctioncells,new designsarenecessary.

Thinfilmcells.havebeenstudiedbeforeasa way tocircumventthehighcostofGaAs sub-

strates11,Inthischapterwe arguethattltin.flmdesigns,wherethesolarcellisremovedfrom

thesubstrate,offerthepotentialforsinglejunctionGaAs cellswithconversioneffciencicsover

35%. Thesenew designsemploylight-trappingtechniqueswhichhavecontributedsignificantly

tosiliconconcentratorsolarcellefficienciesapproachingthe30% level.We beginby analyzing

thelossesand limitationsofpresentday GaAs cellsand showingthatevenwithsignificant

improvements,today'sdesignscannotproducea 35% efficient,singlejunctionGa.Assolarcell.

We thenshow thatonlyby decreasingtheactivevolumeofmc cellwhilemaintainingtheopti-

calthicknesscanafm-therincreaseinefficiencybeachieved.Light-trappingisusedtomaintain

theopticalthicknesswhiledecreasingtheactualthickness.Inthinf-tlmOaAs cells,implement-

inglight-trappingofincidentsunlightrequiresseparationoftheactivevolumefrom thesub-

strafewhichresultsina bonusofenhancedphotonrecycling12"14.Photonrecyclingistheteab-

sorptionof photonsemittedduringa radiativerecombinationevent,which createsa new

electron.holepair,therebyincreasingtheeffectivelifetimeofcarriersinGaAs. A designis

,| presented and efficiency projections are done which demonstrate that efficiencies above 35%

!
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am possible.

4.2 BACKGROUND

To assess the factors wkich limit the efficiency of the best present day cells, a recently

published, 24.8% efficient, one-sun AM1,5 GaAs solar cell is analyzed 15. ]'he smlcture of this

cell is typical of most present day high-efficiency cell designs, and is shown in Fig, 4.1, and its

measured output parameters are listed Table 4.1.

Parameter Measured Modeled

Value Value

Voo(volts) 1,029 1.040

Jso(mA) 27.89 27.9

FiLlFactor 0,864 0.862

Efficiency (%) 24,8 24.9

Table 4.1 Comparison of measured and modeled solar cell parameters for the cell sketched in

Fig. 4.1

LossanalysisisperformedattheJsoand Voc biases.Jso lossescan be foundfrommeasure,-

meritsoftheinternalquantumefficiencyCIQE)ofthesolarcellwhileVoc lossescanbefound

by combiningtheIQE withthedarkcurrent.The percentlossesineachregionofthecellat

thesebiasesarcshowninthepiechartsofFigs.2.One canseethatthelossesatJsoareconcen-

tratedoutsidetheactivecellintheformofreflectionand shadowinglosses.Significantlosses

arealsoattributedtoabsorptioninthewindow and tophotonsleftunabsorbedby theactive

volume.LossesatVoc am dominatedby diffusioncurrentinjectedintotheemitterwhichis

adverselyaffectedby bandgapnarrowingl6.,The reportedcelloutputparameterscanbeusedas

a test of this efficiency projection nrocedum. Th_ r._ t_ ,,,.,,,_,_,,,,,at,,, ,,,=;..t._.....t._ _.:.... ,,. _ _ . - ...... _ -,,,-,..--.gw,.,_-,_. vdr wv_.lahUlll _ a/_g_ g;AL_III_.L
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quantumefficiencywiththe,_VII.Sspectrum.The diffusionsaturationcurrentdensityiscom-

putedfromtheparametersdeducedfroma fittotheIQE dam usingtheIQE modelofHoveland

Woodall17.The spacechargerecombinationsaturationcurrentdensityisfoundfrommeasure-

menusofthedarkcurrent-voltagecharacteristic.Thesearethenusedtocomputea current-

voltagerelationshipforthesolarcellunderilluminationwhichyieldsthecellparameters.The

parameterscomputedbythismethod,listedinTable4.1,matchwellthereportedvalues,giving

credibilitytoourmodel.

The potentialefficiencyofthiscellcan thenbeeasilybeprojectedtotheradiativelimb.

We use theradiativelifetimesof Caseyand Panish18and Hwang 19forp-and n-typeGaAs

respectively,and valuesreportedfortheinterfacerecombinationvelocitiesforthisce].120,21.

Theseareusedtocomputetheradiativelimitlightcurrentanddarkcurrent,includingbandgap

narrowinginthep-typeemitter.The projectedefficiencyofthiscellis2S,2% whichisonly0.4

percentagepointsabovethemeasuredefficiency.We concludethatpresentday GaAs solar

cellsarenearingtheradiativelimit.

ltisalsoofinteresttoseehow goodthisceUcanbewiththemajor]r_lossessuppressed.

The lackoflossesinthebasesuggeststhatathickerbasecouldbeusedtoreducethelossesdue

to unabsorbedphotons.Also,lossesdue toshadowingcan be reducedthroughprismatic

coverslides.By suppressingtheselossmechanisms,the]_ becomes30.4miUiamps.Inthe

radiativelimitthisprojectstoa cellefficiencyof27.2%. Under S00 sunsconcentrationand

ignoringseriesresistance,thiscorrelatestoan efficiencyof32.8% whichisquiteclosetoa

numericalprojectionmade byDemoulinandLundsu-om9.Thus,significantimprovementinthe

performanceofthisdesigncannotproducea 3S% efficientcell,evenintheradiativelimit.

Once thetwo mainlossmechanismsofthe}_ aresuppressed,thisceU designwillhavebeen

takenessentis.llytoitslimitof efficiency.To obtaina significantincreaseinefficiencyfor

GaAs solarcells,new devicedesignsarenecessary.

4.3 LIGHT TRAPPING in THIN GaAs SOLAR CELLS

Suppression of the dark current, which manifests itself iu the Voc, is one way to improve

cell efficiencies. The losses at Voc are dominated by diffusion current which accounts for 81%

ofthetotaldarkcurrentatthisbias_The remainingdarkcurrentlossisdue tospacecharge

recombinationwhichisdominatedby recombinationattheperimeterofthecellmesa. Since

toreducethevolumeavailablefordiffusioncur_ntrecombination.Butthiscannotbe doneat

theexpenseofreducingtheopticalthicknessofthecellortheJscwillsuffer.New designsmust
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couplea reductionofthemagnitudeofthedarkcurrentwhilemaintainingorimprovingthe

presentcollectionefficiencyatJ_.

Figure4.3showsa GaAs celldesignedtoemploylight-trapping.The cellisN on P rather'

thanP on N sothata thinneremittercanbeemployedwithoutincurringsheetresistanceprob-

lems.Light-trappingisprovidedby a prismaticcoverglassanda reflectingbackcontact.A

similarschemehasbeenusedfora bifacialsiliconsolarceUWhichwas thefirstbiracialsilicon

celltoexceed25% efficiencyunderconcentration22.Fabricationofsucha cellinGa.As,how-

ever,requirestheabilitytoseparatetheactivevolumefromtheGaAs substrate.One approach

isthecleftprocess11.AnothertechniqueusesanetchhighlyselectivetohighAl molefraction

AIGaAs23.Aftercontactingtheemitterand applyingtheanti-reflectioncoating,thethinfilm

wouldbcRf-tedofffromthesubstrateusingYablanovitch'sliftofftechnique.The thinRim is

thensupportedmechanicallyby amas_ S blackwax. Next,thebacksideismetallizedandthe

blackwax removed.The thinfilmcellisthenVan derWaalsbondedorattachedwitha con-

ductiveadhesivetoa metaLUzedsubstratebeforethecoverglassisattached.Thisprocessof

separatingthesolarcellfromitssubstratetofacilitatelight-trappingiscertainlylabor-intensive

thoughhighyieldhasbeendemonstratedforthetheliftoffprocedure23.The lift-offapproachis

well-suitedtoresearchapplicationsbutmay notbethebestprocessformanufacturingcells.

Thistaskofseparatingthesolarcellfromthesubstratecreatesa secondbenefitbyenhanc-

ingphotonrecycling.The degreeofeffectivelifetimeenhancementduetophotonrecyclingis

determinedby thelikelihoodthatan emittedphotonisreabsorbedbeforeexitingtheactive

volume.As therecombinationinternalquantumefficiency,definedas theratioofradiative

recombinationeventstothetotalnumberofrecombinationevents,nearsunityandthephotonis

likelytobereabsorbed,thenphotonrecyclingcansignificantlyincreasetheobservedlifetimeof

a semiconductor.Photonrecyclinghasbeenobservedindoublehetcrostructuresand irlsolar

cellswiththesubstratestillintact20,21,24.

By removingthesubstrate,whichisa sinkforluminescencephotons,we significantly

increasedtheprobabilitythattheemittedphotonsremainconfinedtotheactivevolumesothey

aremore likelyto be reabsorbedthusenhancingphotonrecycling.Fig.4.4 depictsthe

enhancedphotonconfinementina thinfilmcellaftersubstrateremoval.Transientlumines-

cencestudiesofdoubleheterostructureshavealsoshown thatremovingthesubstrateresultsin

anobservedlifetimeenhancementofupto15 times_.

The techniquesof theprevioussectioncan be usedtoprojecttheefficiencyofthecell

_ shown in Fig. 4.3. We assume that light-trapping allows this new design to maintain the Js¢ of

again we use the radiative lifetimes of Cascy and PaRishl8 and Hwang 19for p- and n-type GaAs
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respectively, and the same valuesfor the interface recombination velocities used above21. We

include bandgap narrowing, this time in the p-type base. At the radiative limit, the efficiency of

this cell is projected to be 27.9% at one-sun AM1.5 and 34.9% under 500 suns concentration, a

two point increase over the thicker cell which was projected to 32.8% above. Accounting for

the expected lifetime enhancement from improved photonrecycling, these efficiencies are pro-

jetted to 28.0% and 35.3%, The small improvement shows that the diffusion current is now

dominated by recombination at the front and back GaAs/A1GaAs interfaces.

4.4 ISSIYES and CONCLUSIONS

'ilae most prohibitive issue in the development of this new design will be the handling and

processing of fragile, thin films. The processing steps will be labor intensive so cost will be an

issue. Thermal stress may also be important under concentration since the thin film cell after

liftoff will be mounted on a substrate other than GaAs.

Modeling these cells will also be quite challenging. Light-trapping will have to be simu-

lated possibly using recently developed ray tracing programs to describe the propagation of sun-

light normally incident on a textured cell. More challenging will be properly accounting for

photon recycling.

To conclude, a loss analysis for the conventional heteroface cell design demonstrates that

present-day cells are approach radiative recombination limited efficiency. A new design

approach based on the use of ultra.,thin GaAs to achieve light trapping promises significant per-

formance advantages with the same material quality. Thin-film GaAs cells can benefit from

light trapping in the same way that silicon cells do. For GaAs cells, however, the thin-films

approach can _also lead to longer effective bulk lifetimes by enhancing photon recycling. We

conclude that the thin-film approach is a promising avenue for high-efficiency, ]XI-V cell
research.
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