METHODS OF FABRI CATI NG SEM CONDUCTOR STRUCTURES AND DEVI CES USI NG QUANTUM
DOT STRUCTURES AND RELATED STRUCTURES PRI ORI TY CLAIM This application

cl ai rs t wohenafiitiiof the filing date of United States ProamisséionadicPat ent
Application Serial No. 61/227,006, filed July 20, 2009, for "Methods of
Fabricati ng Sem conductor Structures and Devices Usi ng Quant um DOT
Structures and Rel ated Structures." TECHNI CAL FI ELD The present invention

rel ates generally to the fabrication of sem conductor structures or

devi ces, such as METHOMDS Off EABRICAJING SEMITONDYCTQR SITRIICEURESt ur es,
and nore particul ar| YANDDEVWIEESRSINGQUANEUNM BOT SERUATYRESpl ural ity of
absorption structures havi ng AANDIRELAFEDESTRUE TERES gaps. BACKGROUND Sol ar
energy i s an abundant resource that nay provide an alternative el ectrical
energy source. However, solar energy can present problens to economcally
col lect, store, and transport. dﬁ] W&S\/ o collect and utilize solar
energy is through photovoltaic (P\/) cells ich convert solar energy
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sem conductor naterial. These el ectron-hole pairs are forned as a response
t o i npi ngi ng PthotwesandRdldted pinotwenl t ai ¢ cel | . The energy absorbed by a
sem conductor is dependent on its characteristic band-gap. A sem conduct or
material's "band-gap energy" is defined as the anobunt of energy required to
free an outer shell electron from TESHNIUAL ApEt the nucleus to a free
state. In sem conductors, the required energy for an electron to be excited
from the val ence bhrPressni Heeriion teliesasnerally inia datirisatiomeatisediieqnduetobased on

the separati O%rél@@tré’é‘eoer'he%f}&, Wh DR volhtai€ debiles, AR Rdanalth hhE" ent

mat eri al may
structures, and more particularly, to intermediate structures including a plurality of

15  absorption structures having distinct effective band-gaps.

BACKGROUND
Solar energy is an abundant resource that may provide an alternative
electrical energy source. However, solar energy can present problems to
20  economically collect, store, and transport. One of the ways to collect and utilize
solar energy is through photovoltaic (PV) cells, which convert solar energy directly
into electrical energy. This conversion of energy can be provided utilizing i-type
(intrinsic), n-type and p-type conductivity regions in semiconductor materials
thereby producing a photo-voltage potential and a photo-current generated when
25  electron-hole pairs are formed in the semiconductor material. These electron-hole
pairs are formed as a response to impinging photons in the photovoltaic cell.
The energy absorbed by a semiconductor is dependent on its characteristic
band-gap. A semiconductor material’s “band-gap energy” is defined as the amount
of energy required to free an outer shell electron from its orbit about the nucleus to a
30 free state. In semiconductors, the required energy for an electron to be excited from
the valence band to the semiconductor conduction band differs based on the
separation between the two bands (i.e. the band-gap). Different material may have

different characteristic band-gap energies. Band-gap engineering is the process of



different characteristic band-gap energies. Band-gap engineering is the
process ofcontrolling or altering the band-gap of a nmaterial. Conventi onal
silicon baeediigamiconduct or materi als used in phot ovol t &Ct/usedb®3(1FY/s) have
a band-gap energy of about 1.1 eV, i.e. only covering a small portion of

t he broad range of solar radiation spectrum which has a useable energy in
t he photon range of approximately 0.4 eV4o 4.0 eV. Li ght with energy bel ow
t he bandgap of the sem conductor will not be absorbed and converted to
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absorption and conversion of energy in a photovoltaic cell, multi-Iayered,

mul ti - unct i oprectom,mivhich-hesiboedable qaheydn tha phiotordenecelsappenrempiebi.-deVel oped.
These mul ti -s[ula%el\; devices utilize various materials having different
charact er Psti¢ baehd-gap energies so that a wi der spectrum of sol ar energy
may be absorbed. Aiphtwith snegebdlowhied sandbipbCthelgsthicendiemteritiinonsd | y
includes nmultiple |ayers (i.e., subcells) of sem conductor material in a
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broad spectrum of solar energy to be converted into electrical eneéergy.

However, t hi phoioyeltat cellynaltiflayared, amlphaotctivn) eranelticfabeadk phetovoltaic ed by t he
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efficiency of the photovoltaic device. Typically, materials which may be

used in d3phenegyimay e absoibed are severely linmited due to the

A multi-subcell photovoltaic device conventionally includes multiple layers
(i.e., subcells) of semiconductor material in a vertically stacked orientation. Each
subcell is designed to absorb and convert a different solar energy or wavelength
range than that of another subcell of different material. The subcell first exposed to

20  radiant energy, generally has highest band-gap energy while subcells positioned
below it have correspondingly smaller band-gap energies. As a result of this
arrangement, energy that is not absorbed at one subcell (i.e., level) may be
transmitted and converted in another subcell of the device enabling a broad spectrum
of solar energy to be converted into electrical energy.

25 However, this type of multi-junction photovoltaic device is limited by the
ability to lattice match a number of dissimilar materials by heteroepitaxial growth.
Lattice mismatching between adjacent subcells results in strain and dislocations to
form which reduce the overall efficiency of the photovoltaic device. Typically,
materials which may be used in a photovoltaic device are severely limited due to the

30 lattice mismatch problem. Attempts to overcome this problem and increase
photovoltaic cell efficiency are described, for example, U.S. Patent 6,372,980 to
Freundlich and U.S. Patent 5,851,310 to Freundlich et al., which disclose



| attice msmatch problem Attenpts to overcone this problem and increase
phot ovol taic cell efficiency are described, for exanple, U S. Patent

6, 372, 980woaoHreaund| i ch and U. S. Patent 5,851, 310 to Fr eagmdiSealo/oadieal ,

whi ch di scl osephotovoltaic cells including one or nore quantumwells. In
addition, U S. Patent 6,252,287 to Kurtz et al. discloses nulti-junction
sol ar ceI I's including an i nd| umgal ['ium -arsenide nitride (InGAsN)/gal lium
arseni de (GaAs) sem conductor p-n heterojunction to inprove energy
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grown on a germanium substrate with a gallium arsenide mddle subcell and a
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limted sol ar y. Accordingly, it woul nprovenent in
the art to prsolﬂadmnwlcrbqlkmnmmﬁotfmamdg Aag@hwwm((ﬁ@)m:)ttdm/aubeelhm\gr@mna
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DI SCLOSURE | np&@ifEpREMIRAI(GBIHPS or alhﬁmmr@ $SIThmi YR (G2 AR lopdesceet hods  of
form ng sem conductor structures or devices. The nethods may include
deposi ti g a doagestedgh series. The efficiency of the photovoltaic solar cell is improved by
using the self-assembled quantum dot material in the middle subcell instead of bulk
gallium arsenide material.
Photovoltaic devices utilize dissimilar materials to obtain the capability to
absorb a broad spectrum of solar energies. However, the dissimilar materials create
20  problems of lattice mismatch which leads to poor crystal quality and limited solar
cell efficiency. Accordingly, it would be an improvement in the art to provide a
method of forming a photovoltaic device having a number of subcell elements
capable of producing a photovoltage at multiple wavelengths of absorbed energy
while maintaining a high quality crystal.
25
DISCLOSURE
In some embodiments, the present invention includes methods of forming
semiconductor structures or devices. The methods may include depositing a layer of
semiconductor material over a substrate, forming a subcell including at least one
30  structure on the layer of semiconductor material and forming at least another subcell
on the barrier material. The at least one structure may include a plurality of

quantum dots at least partially surrounded by a barrier material. The at least another



sem conductor material over a substrate, formng a subcell including at

| east one structure on the |ayer of sem conductor material and form ng at

| east anowbeoiiguboel | on the barrier material. The at | @astusene/o3disact ure
may include a plurality of quantumdots at |east partially surrounded by a
barrier material. The at | east another- Asubcell may include another
plurality of quantum dot structures surrdunded with another barrier
material. The another barrier material nmay have a substantially | ower

ef fective barsdbediméhialudhendthenplaralityaefapuiaiumodot stractured evirgundgd suthcel | . The
present i nventi&g f’encl udets : dgihti on&ll nbodi ment.s _of. net hods otf fabricating
seni conduct orPPStFL P EE 5Py evicAgthe SR BNV AR 0si t i ng at
| east one | aygedffee8id BARICLGHRM B bR maRYal ofthd as@rEMSiubasle,
fabricating at | east one absorption structure on the at |east one |ayer of
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absorption styucture ogver the at | .east bgorpt i to form
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quant um dot s JepsifinSatNehst sugH ldper@distrinlodhdididr risteidd] olvBea Bdselselsdtatepne | ayer of
sem conductor_ material and depositing a barrier material conprising indium
gal | i um ni t r ifaiceling atlsest ane phsemtionsFurtyrg 9n e at sai@nadpyenel plural ity of

guant um dot s . i i Rﬁ"{ﬁ% sthgs! e fornmed
by growing a Sg%@é‘fﬂu““{té’t%%@gglg‘ﬁ? %Ilr%{ géq@aégﬁ%n Si étih‘%%lt um gegla})f'%ﬁ?’%r?t ride on
t he barrier mateticadveothetds tcast odeabsdrptivrestaletioe bafoce anbther subcell.afibe
depositing anof her barrijer terial conprj.si indiumagalliumnitride over
and at | dbst 3 éqe‘flirawﬁgﬁ (SR B TG0 A SPR 21 _%P%P%‘P ek B a
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tenperature. Tn yet further enbodi ments, the present invention incfudes a
phot ovol t ai ¢ betranctatereal comprising indades gallipiumsidetoyendndsatbesst patially a st acked

t | vi. irst | f i t terial
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structure. A second |ayer of sem conductor material may be di sposed over an
upper sudfaceabium wgrigs iy the besricp mataniat ef ths ableastieng abm%m'cg strectyrgtand i al

different fr (%1renp<gsri]t?ngf glnroﬁ{er %S{He? 81%96'111%5 chm&%lr?é fn%lu‘m gallium nitride over and at

least partially surrounding the plurality of quantum dots at a second temperature, the
second temperature being different from the first temperature.
In yet further embodiments, the present invention includes a photovoltaic

20  structure that includes a plurality of subcells in a stacked arrangement overlying a
first layer of semiconductor material on a substrate. Each of the plurality of subcells
may have a lower effective band-gap than an adjacent subcell and may include at
least one absorption structure. A second layer of semiconductor material may be
disposed over an upper surface of the plurality of subcells and may comprise a

25  material different from the first semiconductor material.

BRIEF DESCRIPTION OF THE DRAWINGS
While the specification concludes with claims particularly pointing out and
distinctly claiming that which is regarded as the present invention, the advantages of
30 this invention may be more readily ascertained from the description of the invention

when read in conjunction with the accompanying drawings, in which:



BRI EF DESCRI PTI ON OF THE DRAW NGS Whil e the specification concludes with
clains particularly pointing out and distinctly claimng that which is
regar ded we 20h@1priesent i nvention, the advantages of thiPSTiUSe@0B@ns2 nay be
nore readily ascertained fromthe description of the invention when read in
conjunction wth the acconpanyi ng draw ggﬁ in which:FIG 1 is a sinplified
cross-sectional view of a partially forned structure that may be forned

during enbodi nents_of nethods of the present invention and that includes at
| east one | ayer ofFl&ehiicasitpbifiet cragsrssetional vowof ¢ipagiaby frmed Brusiss theat e;

G 2 . D ) : . _ o .
Structure ¢ halhey ey SRR Ean ARl (RO RALLL B el Of Coen
i nventi on andntlndés at feastwde fayar ¢l semhdohllyct@maierddh budrlyilef a gowicdubsiese,on a

| ayer of sem conductor material overlying a growh substrate; FIG 3 is a
sinplified cross-s&t ?éﬁ%ﬁmpilgw ePssxe6UeTel Vg of pagthey Pribiahs dorated SERGWE ¢t hat
may be forSrmdtth%%n& t%HH&PdlﬂBgteﬁbeEin%&*}R%tﬂds bbfie @fe%étﬁ MyehBHEHd tﬁ;ﬂ and
that includes an absorption structure conprising a barrier materia
encapsul at i ngntlhéespl pluralifytof qodntgm dnt simctiods oatarlanet of emicaslusthomaterial FI G 2;
FIG 4 is a singlified cross-sectional view of another partially formed
structure tha‘ivgﬂwgﬁe%r‘? SBYFUGIS i ng enbodi ments of methods of the present

invention and thatrignghdglgmpRnied baldettioraf vi¥RIor hfthdrafiafiG ktheaRERIRET ON
structures formng a subce F overlying a growh substrate; FIG 5 1is a

sinplified crtbatgnaydet founed duringwmbbdiarentsiod metteands paithe present mxgnigon anltthate t hat
may be fqgrmed durin nbodi ments_of nethods of the present.i.nvention and
that 1 ncl Qdes U aPr PR et Bsor Aty e R LUt i ) FiG o
is a sinplifiggaifyQFustehidenadhuctir@Vasthoniol RES. 2partially forned structure
that may be produced during enbodi nents of nethods of the present invention
and that includes Hkof it simalibed gpsssepiicnghaaw0d pnathgr @eitiglly &vrmefl girgguranot her
plurality of : A si ol it - I . Vi f a
partially fort?lr%l[gﬁ tllreﬁfgvgédgﬁ%négteﬁqgggﬁgg& fo(gfrnlﬁe dgéfr;?l?@?eg%gg)i%ﬁ!é% é5nec\io a%mst hods

of the presentcludsseniluralitya dertibally stavkbdigtesrpaibn bgwsireafokaingra sabcell

sem conductor material overlying a growth substrate;
overlying a growth substrate;

FIG. 5 is a simplified cross-sectional view of another partially formed structure
that may be formed during embodiments of methods of the present invention and that
includes a plurality of subcells overlying a growth substrate;

FIG. 6 is a simplified cross-sectional view of another partially formed structure

20  that may be produced during embodiments of methods of the present invention and that
includes another layer of semiconductor material overlying another plurality of
subcells;

FIG. 7 is a simplified cross-sectional view of a partially formed structure that
may be formed during embodiments of methods of the present invention and that

25  includes at least a layer of semiconductor material overlying a growth substrate;

FIG. 8 is a simplified cross-sectional view of a partially formed structure that
may be produced during embodiments of methods of the present invention and that
includes a subcell including a plurality of absorption structures;

FIG. 9 is a simplified cross-sectional view of a partially formed structure that

30  may be produced during embodiments of methods of the present invention and that
includes a plurality of subcells, the subcell proximate the base substrate having the

highest effective band-gap;



FIG 8 is a sinplified cross-sectional view of a partially fornmed structure
that nmay be produced during enbodi nents of nmethods of the present invention
and that wocbudasiia subcell including a plurality of ab®oratsean/03disuct ures;
FIG 9 is a sinplified cross-sectional view of a partially forned structure
that may be produced during enbodi nents of nethods of the present invention
and that includes a plurality of subcel | <9-the subcell proximate the base
substrate having the highest effective band-gap; FIG 10 is a sinplified
cross sectional viE®. 00 isa spaplifial dryssfsectivral vi¢w ofd pargaltynatmedastrubtmregthetduced

duri ng enbodi nents of t.hods of the present invention that.includes a
pl ur algi ty of B %PYPQH%SQPF% ?fﬁb%ﬁm g F‘BF g‘ésrﬁr}é}&‘?ﬁﬁt“?%#nvﬁtﬁ]togn]?aél on a

substrate anctnsihéa%%ﬁﬁ#aﬁ@lo@\eﬁ&eﬁmﬂ% TP DAL ndiBbEMbR Al onldG. 11
illustrates attachnent of a bonding Substrate to the partially formed

structure of sEbgatel@d dispesdsidrettivng secand samitendustonmateshled t o t he second

sem condugt or mat er. i nverte tructure; and F| G IS a

Sl iried orose Sagt b Bde et shh bt SheRit heper i Bfet
iIlustrated iggrubiufedf G110, theon@iticREbstaleashahéOm 1 scthifl Ras@ndudist r at e
fromthe first sem conductor material. MODE(S) FOR CARRYI NG OQUT THE

| NVENTI ON Thenitptigloneainvsred prustseitasd herein are not neant to be actual
i ews of ti . material. . ad. but
Teroly i deay i cet Pagt SR ATpIRe AR R ARl MRl AR IR TRR R 1 ©

merely idealized represe escri e present
i nvention. Addidttasddh FYGS. 8- ElEsliosvis@dsimninbeénethe bdsg siitegatddiont @ik &ikdd t he
sane nunerical designation. As used herein, the terns "upper” and "Il ower"
refer told | ceBHGBANGIUITHAPRA. t 0 a base or growth substrate. The term
"upper" refers to a location that is distal to the substrate, while the
term"lower" indicates proximty to the substrate. As used herein, the term
"effective band-gap," nBHREGE)FORNCABRBRYINCHQUIGHS INEBRAHYNL r ansi ti ons at

whi ch phot ons may Qe .absorbed by a paterial and is selected by the
quanti zed ener gy |ﬁ??éﬁ%s”&fm%%e%@%H%ﬂnr%’.i%{“{frnéea{lf tode apal YehRhA® dot

structures a"lﬁrﬁqlﬁ?ar Bdria appaRAtgE, Is@dtdm, ﬁ%éﬂ%ﬂgbﬁl%@ﬂn@ﬁe& i6alfz64 M " absor pti on
edge" neans and includes a wavel ength

15  representations which are employed to describe the present invention. Additionally,
elements common between figures may retain the same numerical designation.

As used herein, the terms “upper” and “lower” refer to a location relative to a
base or growth substrate. The term “upper” refers to a location that is distal to the
substrate, while the term “lower” indicates proximity to the substrate.

20 As used herein, the term “‘effective band-gap,” means and includes the lowest
energy transitions at which photons may be absorbed by a material and is selected by
the quantized energy levels of the heterostructure (i.e. the quantum dot structures and
the barrier material). .

As used herein, the term “absorption edge” means and includes a wavelength

25  value at which the absorption shows a sudden decrease in value.

As used herein, the term “III type semiconductor material” means and includes
any material predominantly comprised of one or more elements from group IITA of the
periodic table (B, Al, Ga, In, and Ti).

As used herein, the term “III-nitride material” means and includes any material

30  substantially comprised of nitrogen and one or more elements from group III of the
periodic table such as, for example, usually aluminum (Al), gallium (Ga) and/or indium

(In).



val ue at which the absorption shows a sudden decrease in value. As used
herein, the term"Ill type sem conductor material" neans and includes any
mat eri al woedowiinamt | y conpri sed of one or nore el enent #Crrusavigosap2 |11 A of
the periodic table (B, Al, G, hi, and Ti). As used herein, the term

"Il -nitride material” neans and includes any material substantially
conprised of nitrogen and one or nore elehents from group Il of the
periodic table such as, for exanple, usually alum num (Al ) gallium (&)
and/ or i ndi um (| n)As\ssed Sewding dregenm “THRE typssemichnductormygieriad emeaysagdict or

mat eri al " mean nd i ncl udes any. erial. edom nant|y co ised of one or
Tor 6 e ement APGMARY BUISE bRCaRinARY oafhrish] S PR Bor e b ol 00 )
and one or oI & BB BB AUGaMp, afd Tihendsieiopdioze Elaiks (din drouphs, Sb,
and Bi). As used herein, the term"dopant”" or "doping agent” neans and

i ncl udes at onéAadthederipdio tdles@hPe AadticttBdattice in order to increase the
nunber of .free cha i.ens. Uk g o " de S t hat
act as el esct ron doél%r?sseﬁgi%%inl’ Flh%lt%ljéle (fao %{&Bors%h%ggag B%Iﬁﬁs %@@@gaﬁ?ﬁe
"p-type" dopaddtied fieadnseagestidactonRtticadt order tolie¢asOtheatndpt afifsce@hatge ncl ude

atoms such as My, Ca, Be, Cetc. As used herein, the term "engi neered
substrate, " i99Ss BrhsHeniyrses depantsraearacsnis thahaqt agielectzomdonens apd melude
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as a substrate Tor the fication o e or nore sem conductor device
t her eon. Engiaxegtad asdinshidabemsisnd] asddg, CpBegX atrpl e, _

sem conductor-on-ipsul ator.type substrates. As used. herein, the term
Tep Laxi A0 | ayer oS iied beein TR TerRh RO e o] SIOSGHE i 1 MRRCSHEESS Wed Piast

substanti al | yin@ugdsRal Sutisir¥e capRiing ffo SBh&E 18)erstTehddil aftPBatls Bferied d
such that the single crystal exhibits a known crystall ographic orientation.

As used her eibe usehas a sibsirat¢ for thecfabriation af onewin sroreisss coridugior deypesdheren. a

| ayer of matetial, n train of the crystal lattice in directions at
| ehet SubstaniE STty Bier g i Yk Rpad Rfotiplng PP AR
shoul d be under st 0RgduRd hax 8y, tHe@ére Tepdatisl 1&%r BRINBGAIOMeDE a 1O¢Ls{ maveiliner
| ayer or substrate may be di sposed in direct contact wwth the |ayer or

substratd> orthaflis erepst substpytiallygysingde dysy of & raateri apdthat Rasbeeryforagdr
overlying t hesul:}?%%{ th@ rsin%f‘é%?}s'fa{iuéﬁlibits a known crystallographic orientation.

As used herein, the term “lattice strain,” when used with respect to a layer of
material, means strain of the crystal lattice in directions at least substantially parallel to
the plane of the layer of material.

20 It should be understood a layer referred to as being “on” or “over” another layer
or substrate may be disposed in direct contact with the layer or substrate, or
alternatively, may be disposed on an intervening layer overlying the layer or substrate.
It should also be understood that when a layer is referred to as being “on” or “over”
another layer or substrate, it may cover the entire layer or substrate, or a portion of the

25  layer or substrate.

Embodiments of the present invention include methods and structures that
facilitate the fabrication of a solar cell or photovoltaic device that have selected degrees
of effective band-gap energies such that a broad spectrum of solar energy may be
absorbed and converted to electrical energy. Example embodiments of methods of

30  fabricating photovoltaic devices that include such effective band-gap characteristics are

described below with reference to FIGS. 1 through 12.



It should al so be understood that when a layer is referred to as being "on"
or "over" another |layer or substrate, it may cover the entire | ayer or
substrat evoaptizwipant i on of the layer or substrate. EnbodiCrarse&lonséishe
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fabrication of a solar cell or photovoltaic device that have sel ected
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semiconductor material 114 may comprise a doped epitaxial layer of III-V type
semiconductor material. By way of non-limiting example, the layer of semiconductor
material 114 may comprise at least one of an epitaxial layer of gallium nitride (GaN)
20  and an epitaxial layer of indium gallium nitride (InsGa; «N). In some embodiments, the
layer of semiconductor material 114 comprises an n-type material or a p-type material,
such as silicon n-type doped gallium nitride or indium gallium nitride. As a
non-limiting example, the layer of semiconductor material may have an indium
concentration greater than about twelve and one-half percent (12.5 %).
25 The growth substrate 112 may comprise homogenous or heterogeneous
substrates suitable for growing Il-nitride materials. As particular non-limiting
examples, the growth substrate 112 may comprise aluminum oxide (Al,Os), which is
often referred to as “sapphire”, silicon carbide (SiC), gallium nitride (GaN), GaN on
sapphire, indium gallium nitride (InGaN), InGaN on sapphire, quartz (Si0O;), gallium
30  arsenide (GaAs), fused silica (SiO;) glass, a glass-ceramic composite material (such as,

for example, that sold by Schott North America, Inc. of Duryea, Pennsylvania under



non-limting exanple, the |ayer of sem conductor material may have an
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partially forned structure 110 may conprise a single internediate | ayer of
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may be formed on the single intermediate layer of semiconductor material 115. The
intermediate layer of semiconductor material 115 may include one or more layers of
semiconductor material such as, for example, a III-V type semiconductor material and
20  may be formed to have a thickness sufficient for epitaxial growth of additional layers
of semiconductor material thereon. In some embodiments, the layer of semiconductor
material 114 may comprise an n-type or p-type doped semiconductor material. As a
non-limiting example, the intermediate layer of semiconductor material 115 may
comprise a tunnel junction structure, such as stacked layers of doped semiconductor
25  material. Additionally, the intermediate layer of semiconductor material 115 may
include a layer of an isolation material or a layer of a conductive material, examples of
which are known in the art and are not described in detail herein. The intermediate
layer of semiconductor material 115 may be grown using various methods known in
the art such as, for example, hydride vapor phase epitaxy (HVPE), metal organic vapor
30  phase epitaxy (MOVPE), and molecular beam epitaxy (MBE). Additionally, various
methods may be used in forming the intermediate layer of semiconductor material 115

to reduce the density of dislocations therein, such as, for example, epitaxial lateral



material 114 may conprise an n-type or p-type doped sem conductor material.
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quantum dot structures 118 may be formed using a Stranski-Krastanow (S-K) growth
mode, often referred to as “layer-plus-island growth,” such as those described in detail
in Adelmann ez al., “Growth and Optical Characterization of InGaN QDs Resulting
20  from 2D-3D Transition,” Phys. Stat. Sol. (a), (176):639-642. Such a
Stranski-Krastanow (S-K) growth mode may include forming a strained layer of GaN
using, for example, a plasma-assisted molecule beam epitaxy (PA-MBE) process or a
MBE process, or a MOCVD process, followed by reorganization (i.e., strain
relaxation) in which three-dimensional structures are formed.
25 In additional embodiments, the quantum dot structures 118 may be formed
using surfactants and anti-surfactants utilizing methods such as those described in
detail in Tanaka et al., “Fabrication of Self-Assembling GaN Quantum Dots on
AlyGa; N Surfaces Using a Surfactant,” App. Phys. Lett., 69:4096 (1996).
Specifically, quantum dot structures 118 may be fabricated on a surface of first layer of
30  all-nitride material, such as an indium gallium nitride (In,Ga; _,N) layer, using a
metal organic vapor phase epitaxy (MOVPE) process. To form self-assembling

quantum dot structures 118, a second layer of a III-nitride material, such as a gallium
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process using trimethyl-gallium (TMG), trimethyl-indium (TMI), and ammonia (NH3)
as precursors and N, and Hj as carrier gases.
As is known in the art, the quantization energies and the effective band-gap
20  energies of the quantum dot structures 118 may be controlled by varying the
composition, dimensions, and configuration thereof. In some embodiments, the
effective band-gap energy may be controlled by growing the quantum dot
structures 118 to have an average diameter of less than 100 nm and an average height
of less than 25 nm. As a non-limiting example, the initial growth temperature of the
25  quantum dot structures 118 may be adjusted to control the shape and composition of
the quantum dot structures 118. For example, the initial growth temperature of
quantum dot structures 118 may be adjusted between about 400°C to about 1000°C. In
addition the size and composition of quantum dot structures 118 may be controlled via
the duration of the growth of quantum dot structures 118, for example a growth
30  duration of between about 15 seconds to about 120 seconds may be utilized.
Additionally, the size and composition of the quantum dot structures 118 may be

controlled by altering the partial pressure of precursor gases during formation. The



as precursors and N2 and H2 as carrier gases. As is known in the art, the
quanti zation energies and the effective band-gap energi es of the quantum
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material 122 may have a thickness of less than about 50 nm and, more particularly, of
between about 20 nm and about 40 nm.
The barrier material 122 may comprise a material having a substantially
20  increased effective band-gap in comparison to the quantum dot structures 118. By way
of example and not limitation, the barrier material 122 may comprise a III-nitride
material such as, for example, aluminum gallium nitride (AlyGa; « N), gallium nitride
(GaN), indium gallium nitride (InyGa; «N), and other binary and ternary IlI-nitrides. In
some embodiments, the barrier material 122 may comprise a substantially decreased
25  indium content in comparison to the quantum dot structures 118 so that the effective
band-gap of the barrier material 122 is greater than the effective band-gap of the
quantum dot structures 118 it surrounds. Further, since the incorporation of indium
into ternary indium gallium nitride is, at least in part, dependent upon the deposition
temperature, a difference between a deposition temperature of the quantum dot
30  structures 118 and a deposition temperature of the barrier material 122 may be less than

about 200°C. The difference in deposition temperatures may be maintained to

substantially prevent desorption of elements from the quantum dot structures 118, For



| ayer of sem conductor material 115. As one particular non-limng exanple,
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for formati onfohatdn of a portion of the barrier material proximate to quantum dot structures 118
| can be substantially equal to that utilized for the growth of the quantum dot structures.
As the growth of the barrier material continues the temperature of the growth can be
20  increased, such an increase in growth temperature as the thickness of barrier
material 122 increases can assist in improving the crystalline quality of barrier
material 122.
In further embodiments of the invention, a portion of the barrier material may
be grown at an initial growth temperature substantially equal to that used to form
25  quantum dot structures 118, growth can then continue at the initial growth temperature
until such time as the quantum dot structures are enclosed by barrier material 122.
Upon enclosure of quantum dot structure 118 with barrier material 122 the growth
temperature of the barrier layer may be increased to improve the crystalline quality of
the barrier material or growth can be paused upon enclosure of the quantum dot
30  structures and the temperature of the reactor increased, in a gas ambient suitable for

maintaining crystalline quality, for example ammonia (NH3) can be introduced to



portion of the barrier material proximate to the quantum dot structures and
a subsequent growth tenperature for a remaining portion of the barrier
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initial growh tenperature for formation of a portion of the barrier
material proximate to quantum dot structures 118 can be substantially equal
to that utilized for the gromh of the quéntum dot structures. As the
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be increased, m&utahn thﬂquailcy efdflenitriicgnaseuiats. ﬂélmeﬁ@hmgéh@@ﬂrﬁbsqu%lmtess of
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quantum dots 118 at a different temperature, as described with respect to FIG. 3.

Following formation of the first absorption structure 124A, a plurality of
absorption structures 124B, 124C may be fabricated on an upper surface of the barrier
20  material 122 of the first absorption structure 124A to form a first subcell 128. The
number of absorption structures within a subcell may be selected based on the
electromagnetic radiation to be absorbed. For example, by increasing the thickness of
each of the absorption structures 124A, 124B, 124C within the photovoltaic
structure 126 and increasing the number of absorption structures 124A, 124B, 124C,
25  the probability of absorbing electromagnetic radiation may be increased. Therefore,
the number of absorption structures 124A, 124B, 124C may be selected based on an
absorption depth of incoming electromagnetic radiation. In some embodiments the
absorption structures 124A, 124B, 124C within a given subcell may have substantially
the same configuration. As one non-limiting example, each of the quantum dot
30  structures 118 of absorption structure 124A may have a general size and composition
substantially identical to each of the quantum dot structures 118 of absorption

structures 124B and 124C. Alternatively, each of the quantum dot structures 118 of the



structure 124A, 124B, 124C may be fabricated using nethods simlar or
identical to those described with respect to FIGs. 2 and 3. For exanpl e,

t he firstwabksarqptilon structure 124A may be fornmed by gr@eirng2@oloaser of
guantum dot structures 118 at an initial tenperature, followed by
deposition of a barrier material 122 around the quantum dots 118 at a
different tenperature, as described withlPespect to FIG 3. Follow ng
formation of the first absorption structure 124A, a plurality of absorption
structures 12abBorpfiddSruraye b A alay heat edibstantaably dfjeeent sue fidteongfosttior itbar ri er

material 122 of the firs orptjon_structur 24A to farma first subcell
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increasing the thickness of each of the absorption structures 124A, 124B,
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absorption depth of incomng electromagnetic radiation. In sonme enbodi nents
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efficiency of the photovoltaic device structure 126.
The average dimensions of each of the quantum dot structures 118 may be

selected to have a desired effective band-gap. The effective band-gap of each of the

20  quantum dot structures 118 may be substantially increased by decreasing the average
diameter thereof. For example, the average dimensions of the quantum dot
structures 118 within the subcell 128 may be formed to have an absorption energy (i.e.,
an effective band-gap) of between about 0.7 eV and about 6.2 eV, and more
particularly, from about 0.7 eV to about 4 eV. The effective band-gap of each of the

25  quantum dot structures 118 may further be selected based on the number of subcells to
be incorporated into the photovoltaic device, the ideal absorption energy and therefore
the effective band gap energy of the individual subcells may vary according to Table 1
below, which provides calculated efficiencies for photovoltaic structure comprising one
or more subcells determined under idealized conditions. Such conditions are

30  described in detail in, for example, United States Patent Application Publication
No. 2007/0137698 to Wanlass et al.



material 122, lattice m smatch between the barrier material 122 and the
quantum dot structures 118 form ng part of the overlying absorption
struct ur e8028URNI124C may be utilized to pronote ali gnmeot/ustosobaeruent
guantum dot structures 118 in subsequent absorption structures 124B, 124C.
As a result, enbodinents of the present invention may allow the fabrication
of quantum dot structures 118 in substantlfal alignnent in each of the
absorption structures 124A, 124B, 124C that may substantially increase the
efficiency of the photovoltaic device §ABUEtlure 126. The average di nensi ons
of each of the quantum dot structures 118 may be selected to have a desired
effective band-gap. The ebfigeh B&dLANEERR 08 EERGEhcRE dd®/quant um dot
structures 118 may be substantially I ncreased by decreasing the average

di aneter ther g\g}nbeﬁor exanpl e, the average di nensions of the quantum dot
structures 118 wt irhtflggnapbcell 128 may be forned to have an absorption
energy (i.e., ffec € “band- gap) of bg.eB bout 0.7 eV.and about 6.2
eV, and nore—} H-ariy orm-about—0 7—aSPUvE DARAEID LNCIEY (M), ot facti ve
band- gap of eact of thézggantunlrot structures 118 may further be selected
based on the nuiber of %ibcellslQo be i-hcorporated into the photovoltaic
device, the idedl absodgtdi on enel gy andotherekdre the effective band gap
energy of the irddividudB.9ubcelld® may Mary ackdrdi ng2.2o Table 1 bel ow,

whi ch provi des ¢al cul atséd ef fi di.enci esl.® or phiod ovol tla8c strlzture
conprising one @ noresgisbcel | .glet erm.med under idelagi zed xondi tinms. Such
conditions are described in detail 1n, for exanple, United States Patent
Application Publication No. 2007/0137698 to Wanl ass et al.TABLE | Optinum
Band- gap Ener gy an¥itBfréfershentoitds. §.anothvspaniattydormadd pipfoveltanstyuc8ubtdd iss (%)
Ef f5§Ct9I \6688?”5 6%%%\&1591;5%&0(18\&1&%11 §§6 ﬁ)rr:{i'eé' ogerztlﬁé b?’arr%ér(%na]tér?al %2? gf tﬁe %ifs? 1.6 2.2

5  subcell 128. The subcell 136 may include, for example, a plurality of absorption

structures 134 A, 134B, and 134C, each of which includes a barrier material 122°
overlying a plurality of quantum dots structures 118' and may be formed using methods
similar or identical to those described with respect to FIGs. 2 and 3. In some
embodiments, the quantum dot structures 118" in each of the absorption

10 structures 134A, 134B, and 134C, may be formed having substantially the same
average dimensions, to form the partially formed photovoltaic structure 130 shown in
FIG. 5. In other embodiments, the quantum dot structures 118' in each of the
absorption structures 134A, 134B, and 134C, may be formed having various average
dimensions. The average dimensions of the quantum dot structures 118" may be

15  selected to have a desired effective band-gap as described with respect to FIG. 4. As a
non-limiting example, the quantum dot structures 118' may be formed such that an
effective band-gap thereof is between about 0.7 eV and about 4 €V, or in certain
embodiments an effective band-gap of approximately 1.6 eV. The barrier material 122
may comprise a III-nitride material such as, for example, aluminum gallium nitride

20 (ALGa;x N), gallium nitride (GaN), indium gallium nitride (In,Ga,4N), and other
binary and ternary I1I-nitrides and may be formed using methods similar or identical to
those described with respect to FIG. 3. The barrier material 122’ may have an indium
content substantially less than that of the barrier material 122 of the first subcell 128
and thus, an effective band-gap substantially greater than that of the barrier



556.30.61.01.41.82.265850.61.01.41.82.02.2 Wth reference to
FIG 5, another partially formed photovoltaic structure 130 is shown havi ng
a second wWOkorld11136 fornmed over the barrier material 122TafS2010034162 St
subcel | 128. The subcell 136 may include, for exanple, a plurality of
absorption structures 134A, 134B, and 134C, each of which includes a
barrier material 122' overlying a pl ural‘ilgy of quantum dots structures 118’
and may be forned using nmethods simlar or identical to those described
with respect maefdl@2. 2o frth Sich hibagienmatenblold2hthetteriar hetayiahhi)ind thot
structures 118 in ea f the absorption structures. 134A 134B and 134C
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di mensi ong. Th verage .di_ nensi ons, of e C 18" may
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to FIG 4. Asemp&@fird ofithé baifeanasipdl 22 bhhe Giua 8liesil d2S tosireviat deseptidd 8 may
be formed such that an effective band-gap thereof is between about 0.7 eV

and about 4 dyivgrirem theeuenium dotpeertwent S ad 14t ective band-gap of
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material such as, Tor e aorrgﬁe, umnumgalltamnrtri
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material 122 of the first subcell 128 and thus, an effective band-gap
subst ant i al | yngeeatlé?” fonaed oveaandét ledsepdsazlhyi surmunding edch 0fthe quantfimrdet such a

barri terial 122" . the barri ter 22" of. th d subcel | 136
maybe. deposi 1L T4 oRaRR oL PR e 5 clis SR P L ERGERISr o of e
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deposition tenperature of the barrier material 122' the second subcell 136

may be mdiSnt ahei@ernsim deictrucires gl 8'ax dre wieryingabeelh by el e Epssi ti on
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gallium nitride (AlyGa;.x N), gallium nitride (GaN), indium gallium nitride (InyGa;.«N),
and other binary and ternary IlI-nitrides. The barrier material 122" of the third
subcell 40 may be deposited at temperature greater than a deposition temperature of the
20  barrier material 122’ of the second subcell 136 so that the barrier material 122" of the
third subcell 144 has an indium content of substantially less than the indium content of
the barrier material 122 of the second subcell 136.
In some embodiments, the average dimensions of each of the quantum dot
structures 118 within each of the subcells 128, 136, 144 may be substantially identical
25  or similar such that each of the quantum dot structures 118 within one of the
subcells 128, 136, 144 includes a substantially similar or identical effective bandgap.
The average dimensions of each of the quantum dot structures 118 in subsequent
subcells 136, 144 may be varied within each of the subcells 128, 136, 144. The
effective bandgap energy of each of the quantum dots 118 within a selected one of the
30  subcells 128, 136, 144 may be controlled by altering the average dimensions thereof
such that an absorption edge of the selected one of the subcells 128, 136, 144

corresponds to a desired portion of the electromagnetic spectrum. As a non-limiting



i ndiumfromthe quantum dot structures 118 and 118 . Referring to FIG 6, a
third subcell 144 may be formed over the second subcell 136 to forma

parti al | ywbarnwdiphot ovol t ai ¢ devi ce structure 138 havi mgTaISpd10N3d162 Yy Of
subcel |l s 128, 136, 144 overlying the growh substrate 112. The third
subcell 144 may include a plurality of quantum dot structures 118" and a
barrier material 122" formed over and at !Peast partially surroundi ng each
of the quantum dot structures 118". The quantum dot structures 118" of the
third subcel | expmplaythe qb@ntflmrd‘véetmawmld&géheafget suberbingB omay haive smpecame i al | y
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of the: quant Uttt HUGIAT £9 MBATIA ARG AlidkNE SHBGRlLsalap, 136, 142
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effective bandgap energy of each of the quan ots 118 within a selected
one of the suUeedrimataRg]22 g@ substantiatly insecasasiiempérbei, bsinginetodnknavreinaver age

di nensi ons t hereof ,suc at _an.a r.Qt i .edge of fhe.selected one of the
subcel | o 12 458, ATHM of RuBRIRIEE 00 FAIFFGeda depiniy Shen
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structures 118 of the first sugcell 128 may have an effective band-gap of
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136 may have a: - he quantum dot structures
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118" of the t a”’ban ap of about 2.2 eV.
As one such example, shown in FIG. 6, the dimensions of the quantum dot

structures 118 in each subcell 128, 136, 144 may sequentially decrease in relation to an
electromagnetic radiation source and thus, the effective band-gap of the subcell

20  increases in relation to an electromagnetic radiation source. The corresponding barrier
layers 122, 122', 122" of each of the subcells 128, 136, 144 may comprise indium
gallium nitride and the effective band-gap thereof may be substantially sequentially
increased by increasing the deposition temperatures as previously described. After
forming a desired number of subcells 128, 136, 144, each having a different absorption

25 edge, another layer of semiconductor material 140 may be deposited over an upper
surface 131 of an uppermost subcell (e.g., subcell 144). The semiconductor
material 140 may include, for example, a IlI-nitride material. In some embodiments,
the layer of semiconductor material 140 may comprise an n-type or p-type doped
[I-nitride material. As a non-limiting example, the layer of semiconductor

30 material 140 may include magnesium (Mg) doped gallium nitride or magnesium doped
indium gallium nitride. By way of example and not limitation, the layer of

semiconductor material 114 may comprise an n-type doped IlI-nitride material and the



Additionally, a conposition of the barrier material 122 nmay be selected to
mai ntain the effective band-gap between the guantum dot structures 118

whi | e provodongiatibarri er between subcells 128, 136, 142CTRS200ap3ab2
non-limting exanple, if the barrier material 122 includes indiumagallium
nitride, an effective band-gap thereof be substantially increased by
decreasing an atom c percentage of indiudm’therein. The incorporation of
indiuminto the indiumgalliumnitride barrier material 122 ma

be
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131 of an uppernost subcell (e.g., subcell 144). The sem conductor nateri al
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PI N phot ovol twitltin dachae tistesnbeatls 138,136, 144, the indium content of each of the

subcells 128, 136, 144 may be substantially less than that of the underlying subcell and,
thus, the effective band gap of each of the subcells 128, 136, 144 may be substantially
20  greater than that of the underlying subcell.

INVERTED PHOTOVOLTIAC STRUCTURES

The following embodiments comprise structure and methods for producing

inverted photovoltaic structures. By way of explanation and by no means limitation, in

25 a photovoltaic device structure it is common for the absorption structure, i.e. the
subcell, with the largest effective absorption energy (i.e. the largest effective band-gap)

to be proximate to the impinging radiation source (e.g., solar radiation). In such a
configuration, radiation which is not absorbed in the uppermost absorption structure

may be transmitted through said structure and absorbed in an underlying absorption

30  structure with a lower effective absorption energy (i.e. a lower effective band-gap). In
such a configuration a higher percentage of impinging radiation may be usefully

converted to electrical energy. In an opposing configuration, i.e., when the smallest



Wth continued reference to FIG 6, in other enbodi nents, the band-gap

energy of the subcells 128, 136, 144 nmaybe controlled, while the average
di mensi onwoab1ittteriquant um dot structures 118, 118", 118PChatsemen3iaubcel | s
remain substantially simlar or identical, by altering the composition of

t he quantum dot structures 118, 118, 11 0 In sone enbodi nents, the indium
content of the quantum dot structures 118“in each of the subcel I s 128, 136,
144 may substantially decrease as the subcell is located farther fromthe
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opposi ng configuration, 7. en the sma% est e % ctive absof tion energy
IS proxinmat e danicr heetbstrgde iy ngjtinladasat subktrata dangbenremoved thereby enabling the
exposure of the photovoltaic device structure to impinging solar radiation.
Referring to FIG. 7, a partially formed photovoltaic device structure 110 may
20  Dbe fabricated that includes a layer of semiconductor material 114 overlying a growth
substrate 112 using methods similar or identical to those described with respect to
FIG. 1. As anon-limiting example, the layer of semiconductor material 114 may
comprise a p-type doped IlI-nitride material.
Referring to FIG. 8, another embodiment of a partially formed photovoltaic
25  device structure 146 may be fabricated that includes a layer of semiconductor
material 114 attached to a growth substrate 112 using methods substantially similar or
identical to those described with respect to FIG. 1. The growth substrate 112 may
comprise homogenous or heterogeneous substrates suitable for the growth of type
[I-nitrides and the layer of semiconductor material 114 may comprise a single

30  epitaxial layer, or multiple epitaxial layers of a semiconductor material, as previously

described with respect to FIG. 1.



percentage of inpinging radiation my be wasted due to | osses within the
phot ovol tai ¢ device structure, e.g. in formof heat. In order to nore
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phot ovol tai ¢ device structure it nmay be necessary to grow the crystalline
absof tion structures in a reverse nmanner, i.e., with the absof tion
structure with the smallest effective abdéf tion energy nost distal from
t he base substrate and the absof tion structure with the highest effective
absof tion energy Thesgrowthosubstedte 11Q mineinbladea badosnatatad 11350d6. b) andver sed
growm h configuration may be effective due to reasons of, gr rameters
o Tt 6. mARSANHE, PHES BT GUeT AR ioTR SrGRRgT R EaLn (BRRLE and
al so to the hapRiQURRAhSdowRA) 1eeaRhaIhAAY Alspbdtd eeMeh 8Rdagr yet al
structure an i1 nversion of the structure may be required to produce a final
devi ce confi gremagandnctéravaieiiald 14 andihe bedefsubstesiet L1donver si on of i ncomi ng

radi ation_to electgrical ener he j.nversi on.of the photovolt ai evi ce
structure’can i nv3%@%8@%@&%&@1@%@%&%&% ogﬂ? ﬁ%‘e%e %Wcﬁuﬁeef%dmay
phot ovol t ai ¢ jdeMiELfist EubGIUT $) dhpisEarapleeliS W abdoastdn sredthewi agn augBchnent

to a suitable carrier substrate the initial base substrate can be renmpved
t her eby enabl 143§ hanmgappasaardst gifuctuies Yo swvainded by braieraeatendl dé2'iise to

i mpi ngi ng sol. i &bl i . . It .

phot ovol tai c ! és\}xfageg. gthgc Cﬁﬁggq%&ﬁgé@gﬁkgﬁll%rerl]t%tehgats‘%gas?%lhﬁlg{sg%ggtd(g | ayer
of sem conducteiticaib eidsaldestiiBedowli tegpargtoaF IGSOMEbE ) By wheofldod-liaiting
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a singl e 1épi tsaxrtates|14§ by 1488 1487 mapbe fapied Azviag a degred sifedtivg berdrgandmduct or
materi al ,

as J%Eﬁé’ﬁiﬁg ﬁl@laverage dimensions and composition of the quantum dot structures 118"
and barrier material 122" as discussed with respect to FIG. 4. For example, the
quantum dots structures 118" may be formed to have an effective band-gap of 2.2 eV.

With reference to FIG. 9, partially formed photovoltaic structure 152 including
20  aplurality of subcells 150, 156 on the base substrate 112 is shown. The second
subcell 156 may be formed over the first subcell 150 using a method substantially
similar or identical to those described with respect to FIGS. 2-4 above. The second
subcell 156 may include a plurality of absorption structures 154A, 154B, 154C, each
having an absorption edge corresponding to a different portion of the electromagnetic
25  spectrum than an absorption edge of the absorption structures 148A, 148B, 148C of the
first subcell. By way of example and not limitation, the dimensions of the quantum dot
structures 118" of a first subcell 150 may be substantially less than the dimensions of
the quantum dot structures 118’ of a second subcell 156. As a consequence of the
increased size, the effective band-gap of the quantum dot structures 118’ is
30  substantially decreased. To form the quantum dot structures 118’ having increased

dimensions, the quantum dot structures 118’ of the second subcell 156 may be formed



described with respect to FIG 1. The growh substrate 112 may include a
base material 113 (FIG 1) and, optionally, one or nore internedi ate | ayers
of sem comduetiomimaterial 115 (FIG 1), depicted usi ng &CThsdawoBéine, t hat
are ultimtely disposed between the | ayer of sem conductor material 114 and
the base substrate 113. Referring still to FIG 8, partially forned

phot ovol tai ¢ device structure 146 nmay i néfade a first subceil 150
conprising a plurality of absorption structures 148A, 148B, 148C havi ng
quant um dot st plewartesperdigre thar # wmpdatirdgt aeh the quaniers dobgtruepes 118" of
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the quantum Cl%‘tougﬂddﬂﬁ{e%ﬁéeu} bBthe ?E&o@&}faﬁd s%c@?é. efe®ompldtiotSucHhas gyssed with
respect to Fl . For exanpl e, e quantum dots structures 11§ may be
formed to havexaaplegtht éctiun eoltamdefzaph of the g@antvh dvitructuedsdl &hd &8'tnmyleG. 9,

partially formed, photavol tai.c structure 152 including a plurality of
subcelIs1950f”§§%g5ﬁ0Wﬁ%aS§?§d§h%§P?§?@i@?%bfgmgﬁ@%ﬁﬂ'The second subcel
156 may be forned Mesfardd gndidrad128UPLREE AR Rt Bgh 31 IRLNAHIS WPalARmh al | y
simlar or identical to those described w th respect to FIGS. 2-4 above.
The second suiststhictursomaple salestadde naingdin palksired doffereits depytaen thestfiecievteur es

154A, 154B, 154C, ea havi ng ,an.absorptip d cqrrespondi 0.,

it rerent porbhguos PraoadepbudgRet b ISR R BRI B cage
of the absor @ih@h&Effatetebam-dapDhthelA8RumldBGatuide 181 138 aybeal | . By way
of exanple and not |imtation, the dinensions of the ﬂ;?ntunldot structures

118" of d5fi rsybstaniighy rqdquﬁoyrm?ewét}&thb gycaree dimpysiqns ©F therpantiMedot mensi ons
consequence. ot RE" 1k (SeiP sod e PnPelRERR I IR A % Bt um
dot struct ur ekcikd$d biysncreasing an indium content thereof. Therefore, the difference between
the effective band-gap of the quantum dot structures 118", 118" and the barrier
material 122", 122" may be maintained by depositing the barrier material 122", 122" at
20  asubstantially reduced temperature in comparison to a deposition temperature of
underlying structures, such as the first subcell 150. By forming the barrier
material 122" of the second subcell 156 at a reduced temperature, desorption of indium
from the barrier material 122" of the first subcell 150 into the barrier material 122’ of
the second subcell 156 is substantially reduced or eliminated.
25 As shown in FIG. 10, a third subcell 162 may be formed over the second
subcell 156 to form a partially formed photovoltaic structure 158. The third
subcell 162 may include a plurality of absorption structures 160A, 160B, 160C, each of
which includes a plurality of quantum dot structures 118 surrounded by a barrier
material 122. The quantum dot structures 118 of the third subcell 162 may have
30  substantially similar or identical average dimensions and may be formed to have an
effective band-gap of less than that of the quantum dot structures 118", 118’ of the first
subcell 150 and the second subcell 156. For example, the quantum dot structures 118



substantially decreased. To formthe quantum dot structures 118" having

i ncreased di nensions, the quantum dot structures 1 18 of the second
subcel | 186 20myaeltfior nedat a | ower tenperature than a tecparsatoasiar whi ch
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addi ti onal enbodinents, the effective band-gap of the subcells 150, 156 may
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tenperature of underlying structures, such he first subcell ZO By
forming the bagreise rlnqomoeaftloalof I@ium dferctnhemt@@ubﬂﬂar@alhc@lducel@@hann@e r educed

tenperature, desq ndi_u fromth r nmateri al

rrot suboel 19SaBERHYGR R S pEb b ds 03 Sl e el 156
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subcel | 162 may be formed over the second subcell 156 to forma partially

formed pHét ovgmeEres 188 randildde 158. The third subcell 162 may include a
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a plurality of quan ruc‘tures roun arrier
have each been formed such that a deposition temperature used to form the individual

subcells 150, 156, 162 is substantially decreased from subcell to subcell so each subcell
includes an increased indium content in comparison to an underlying subcell. As a
20  result the effective band-gap energy for each subcell 150, 156, 162, as shown in
FIG. 10, is highest in the lower subcell 150, nearest the base substrate 112, and is
lowest in upper subcell 162, or farthest from the base substrate 112. In contrast the
indium content for each subcell 150, 156, 162, as shown in FIG. 10, is lowest in the
lower subcell 150, nearest the base substrate 112, and is highest in upper subcell 162,
25  or farthest from the base substrate 112.

The decreasing deposition temperature during subcell formation aids in the
prevention of desorption of underlying subcells thereby improving the stability of the
composition of the underlying material and hence the effective band-gap of the
underlying absorption structures. The partially formed photovoltaic structure 158 may

30  beinverted to operate as an effective solar device.
Referring still to FIG. 10, another layer of semiconductor material 140 may be

deposited on the upper subcell (i.e., the third subcell 162) of the partially formed



material 122. The quantum dot structures 118 of the third subcell 162 may
have substantially simlar or identical average dinensions and nay be
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decreasi ng depos ure durin u ormation ards i1n the
radiation source. In other embodiments, the physical size of the quantum dot
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structures 118", 118’, 118 in each of the plurality of subcells 150, 156, 162 may remain
constant and a composition of the quantum dot structures 118", 118, 118 may be

20  varied to render a desired effective band-gap. For simplicity, the partially formed
photovoltaic structure 158 is shown including three subcells, each including three
absorption structures. However, the partially formed photovoltaic structure 158 may
be formed to include any number of subcells, each including any number of absorption
structures, using the methods described herein.

25 With reference to FIG. 11, the partially formed photovoltaic structure 164 is
shown including a bonding substrate 166 attached to semiconductor material 140 of the
structure depicted in FIG. 10. To fabricate the intermediate photovoltaic device 164,
the structure of FIG. 10 is inverted and attached to bonding substrate 166 using
methods known in the art. As a result, the band-gap energies are also inverted, placing

30 the highest effective band-gap energy subcell proximate to the incoming
electromagnetic radiation. However, the base substrate 112 may prevent absorption of

incoming solar radiation by the subcells. In some embodiments, the base substrate 112



prevention of desorption of underlying subcells thereby inproving the
stability of the conposition of the underlying material and hence the

ef fecti vewband/gap1of the underlying absorption struct uPes/USIhe/opasti al |y
formed photovoltaic structure 158 nay be inverted to operate as an
effective solar device. Referring still to FIG 10, another |ayer of

sem conductor material 140 may be deposi'tzéd on the upper subcell (i.e., the
third subcell 162) of the partially fornedphotovoltaic structure 158. By
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trimethylindium and ammonia at a temperature of about 520°C for about 10 seconds to

60 seconds. The quantum dots may have a density of about 1 X 10" cm™, a mean
height of about 10 nm and a mean width of about 10 nm.

20 After formation of the InN quantum dots a barrier material of GaN may be
deposited over the quantum dots. The GaN in this example may be deposited at the
same temperature as the quantum dots using a trimethylgallium precursor.
Alternatively, triethylgallium may also be used as a precursor to the barrier material.
As described herein, multiple subcells may be fabricated according to the principles

25  above.

Although embodiments of the present invention have been primarily described
herein with reference to layers of semiconductor material 114, 140 comprising indium
gallium nitride, the present invention is not so limited, and embodiments of the present
invention may be used to provide layers of semiconductor material comprising other

30  IIl-nitride materials, layers of other III-V type semiconductor materials, or layers of
other semiconductor materials (such as, for example, layer of II-VI type semiconductor

materials, layers of silicon, and layers of germanium). Additionally, although the



Wth reference to FIG 11, the partially fornmed photovoltaic structure 164
i's shown including a bonding substrate 166 attached to sem conductor

mat eri al woQoofoithe structure depicted in FIG 10. To fabriusatie/osdie2

i ntermedi ate photovoltaic device 164, the structure of FIG 10 is inverted
and attached to bondi ng substrate 166 using nethods known in the art. As a
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galliumnitride barrier materjal.. galliumnitride (GaN) material nay be
formed onfa stB‘foHWFIPté’nﬁBQ?tF]é‘Pi?teﬁbygh‘ﬁ&?rﬁ%rst he sapphire substrate to, for
exanpl e, ammonia and trinethylgallium at a tenperature of about 11700C
using a netal organic chem cal vapor deposition (MOCVD) process. Follow ng
gromh of the GaN material, indiumnitride (InN) quantum dot structures

t hereon. The quantum dot structures nmay be grown by exposing the gallium
nitride to trinethylindiumand amonia at a tenperature of about 5200C for
about 10 seconds to 60 seconds. The quantum dots may have a density of
about I X I Ol2 cm2 , a nean height of about 10 nmand a nean w dth of
about 10 nm After formation of the InN quantum dots a barrier nmaterial of
GaN may be deposited over the quantum dots. The GaN in this exanple may be
deposited at the sane tenperature as the quantum dots using a
trimethylgalliumprecursor.



Alternatively, triethylgalliummy al so be used as a precursor to the
barrier material. As described herein, multiple subcells may be fabricated
accor di ngvoaotite1pni nci pl es above. Al t hough enbodi nent s pofr/ush@ops@asent

i nvention have been primarily described herein with reference to | ayers of
sem conductor material 114, 140 conprising indiumagalliumnitride, the
present invention is not so |imted, andzgnbodi ments of the present
invention may be used to provide |ayers of sem conductor nateri al

conprising other Ill-nitride material sSCLA&YISrs of other I11-V type
sem conductor materials, or layers of other sem conductor materials (such
as, for exanple, layer of I1-VI type sem conductor materials, |ayers of

silicon, and Waygt slafedder mani unm) . Additional ly, although theenbodi nents of
the present invention have been primarily depicted herein with three
subcells, the present invention is not so limted and enbodi nents of the
present invention may ipcl . 1le.th nt

i nventi on%has beenl‘desc}rliIIbeg%)%hog?(geplgﬂr%g%\fl1 %%%ﬁ%@gg%ﬁt otucgée/\?.{%?’}lcteb%gy@erg?%d
embodi nent's, ddpestngit Ieisthiraiger sRédnliconduttbematetialwivel a base eghsirate; and
appreciate that it 1s not so limted. Rather, many additions, deletiqgns and
modi f i cat i onsforBing RSubfedcarPENS RN YK ARSOFRARCHETYCHHES: WheKBLPTRBS£AEh ng
fromthe scope of i nv i i -al.nmed. In addition,
features from one (;e%eo%r?gn%tdr%ﬁﬁghgﬁg%gﬁ%%m?ﬁ%séat ures of anot her
enbodi ment whi | e sdisgosinpeiphgalitnobgueasse dotaicotmprisithmdswogalnoh nithée fonvent i on
as contenpl ated by the inventﬁ)rs. CLAIL N5 V{]at is cl "Ti med.is:.. L A nmethod of
form ng d%eni conduct orOVSH At {535te ROTIQNERSitoseat Ieasiiicilech gt sequeidPFPhyg at

| east one |ayer of sem gopducir material over a base substrate; formng a
subcel | conprising one or nore absorbance structures, wherein formng each
of the one or nor elepbstnpabasesnatadil gomprisiogmdiue sallighaode atp sl ural ity

of quantum dots conprising ipdiumgalliumnitride to.overlie at |east a
portion of the at Ieastteﬁggaﬁ%gﬁ%’fn?é’?ﬁt_ 8@6%%?%&?%@“%% depositing
a barrier material conpyuiShidng Kdedsm Pertibh BN blurdlE ofduadtiin d&S; and

tenperature, the barrier materral overlying and at | east partiall ]
15  forming at least another subcell comprising one or more absorbance structures, wherein

forming each of the one or more absorbance structures comprises:
disposing a plurality of quantum dots comprising indium gallium nitride to
overlie at least a portion of the barrier material; and
depositing another barrier material comprising indium gallium nitride at a
20 second temperature, the second temperature being different from the
first temperature, the another barrier material overlying and at least

partially surrounding at least a portion of the plurality of quantum dots.

2. The method of claim 1, further comprising:
25  inverting the semiconductor structure or device;
bonding a carrier substrate to the semiconductor structure or device, wherein the carrier
substrate is bonded to a surface of the semiconductor structure or device
proximate to the another subcell; and
removing the base substrate.
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surrounding at |least a portion of the plurality of quantum dots; and
formng at | east anot her subcell conprising one or nore absorbance

st ruct ur e80 2ot1emeiim f orm ng each of the one or nore abs®charse@o®sF16Lt ur es
conprises: disposing a plurality of quantum dots conprising indiumagallium
nitride to overlie at |least a portion of the barrier material; and
depositing another barrier materi al corrprzﬁsi ng indiumagalliumnitride at a
second tenperature, the second tenperature being different fromthe first

t enperature, the ahot heFharaethpéof claitrel,ivdicrenydepoyiting a hpidicamategalst partial |y

surrounding at | east .a.portjion of.the pluralit f .gquantumdots.. 2.. The
et hod of ol aromrrere iR R iR P b EE W TR  wi
structure or gRjMb&anm d¥eWnilises dpbsiii9yf a Batethabeal hevihf e seRint anAY&Enr
structure or device, wherein the carrier substrate is bonded to a surface

of the seni condiyat ntest thae gy diven ceient eEths PhKkalHk pEIYaptdotanot her subcel | ;
and renoving the base substrate. 3. The nethod of claim1l, wherein
depositing a barrier material conprising indiumgalliumnitride over and at
| east partially susrourThergethbdofdlaimmad,ivih¢redi depositihg abaoiesmarnplliaseag a
depositing a barrier mat er,i(ﬁlgmhavi ng[ a subg_t anti al | i ndj um cont ent

¢ y Lomier 1 nd
than an i ndi ufrPetatalydover lpdiam sppten] thanangpdigpigonteri fghe PluRlitTefduatiifod of

claim 3, whergj | kd . (A er l.al j i | ower
i um cont er g Fatac dcpaif BR bhir maRHEL A oo, 5t Rl WA gl
conpri ses depesperatuge dfthe plaralitesf quantem ddts.at a tenperature of greater than

a growh tenperature of the plurality of quantumdots. 5. The nethod of
claim1l, Wher ei n depositing another barrier nmaterial conprises depositing

the another barriey mategd @khéd ofcISRCONWhet SIBGORIHE Sndiis SatrRAMatcig] i1 st
tenperature used to deposit the barrier material to render another subcell

havi ng a substommprised deposiongihe pnatherbatsn atarial #arseednd tempksatise lesg thansbe| | . 6.
e 100 gl B BT Gobt B8 PLukERR AR L BEREL L FRERL 10
absorbance stdubgbntafy Newdrigian soRehtahid @k Widdrgmersubddiect i ve band gap than
t he s
6. The method of claim 1, wherein forming at least another subcell
comprising one or more absorbance structures comprises forming at least another
absorbance structure having a substantially lower effective band gap than the
underlying subcell.
20
7. The method of claim 1, wherein disposing a plurality of quantum dots
comprising indium gallium nitride to overlie at least a portion of the barrier material
comprises growing the plurality of quantum dots on an intermediate layer disposed on
the barrier material.
25
8. The method of claim 1, wherein disposing a plurality of quantum dots
comprising indium gallium nitride to overlie at least a portion of the barrier material

comprises growing the plurality of quantum dots directly on the barrier material.



under | ying subcell. 7. The method of claim1, wherein disposing a plurality
of quantum dots conprising indiumgalliumnitride to overlie at least a
portion oVothe/darii er materi al conprises growi ng the plparaisearp/osdiezuant um
dots on an internedi ate | ayer disposed on the barrier material. 8. The

met hod of claim 11, wherein disposing a plurality of quantum dots conpri sing
indiumgalliumnitride to overlie at |ea3f-a portion of the barrier

mat erial conprises growing the plurality of quantum dots directly on the
barrier material. 9. A phphotoebltad grusturaictmprssingonpri sing: a plurality of

subcells in a stacke rangenen verlying a first |ayer of sem conductor
Tt ori al on o SO hsabe® APy HamekmERBENH NG p S AREE St e St o

bei ng substanti al | yadf%nt@Bstihah bd DT SARR PYSHitte ML HBRERL boingach of
the plurality of subcells conprising. a plurality of quantum dots, each of

whi ch conpri ses atsubstasiiallyiess dfanithed plilepst ga¢ dyaukyjngasnbicedl eash i the pdurality
[1T-nitri §e materi(?# ﬁngagsulﬁti ng the plurality of quantumdots; and a
second | ayer of seMi*CoNdtct By Whterial overl yi ng an upper surface of the

plurality of subcedpigrality6f eesamctiotsayh ofivhidrioapriskscl astoat ef indlundi f f er ent
fromthe first sem conductor nmaterial. 10. The structure of claim?9,

wherein an effective bagidliyamndplupieumas | east one barrier material is

different than an eff e -('!evmﬁglqﬁgﬁg%gu&%ﬁn&} ‘g%ﬁa&ﬁg’?&é%p cg)lg%lg{.‘&um dots. 11.

The structure of cfaim erein urality conprises

quant um dot s hg¢omplaptios tanicomducr tatriaboverlging faa @ppdtisnifneiof . pldidlity bfie

structure of claim9, wherein the subcell proximte t]rél% su St[{ﬁtﬁ conpri ses
didgrnh ¢ B

i ndi um gald i um ni tSPeRIsHAG Sergnd layend semiceadycior gaatsrih P tent in

conparison to SUsz%éﬂlic%\ﬂ%ﬁctBﬂﬁat&liéﬂ ality nore distal the substrate. 13. The

structure of claim erein an average dianeter of the quantum dot

structures of the subcell proxinmate the substrate is substantially |ess

LPE‘P a?in t svsnr)?ge didls}(a(gFt t OsftruE:trL]uEr'\e (%uc?ari]rtn%rpw 8rtelsn a‘c_f{[ Jf%égttiyerbea%d%];p 8{"‘ t g%J[ lleastst of the
one barrier material is different than an effective band-gap of the plurality of quantum

15 dots.

11. The structure of claim 9, wherein each subcell of the plurality

comprises quantum dots having substantially the same average dimensions.

20 12. The structure of claim 9, wherein the subcell proximate the substrate
comprises indium gallium nitride having a substantially decreased indium content in

comparison to subcells of the plurality more distal the substrate.

13.  The structure of claim 9, wherein an average diameter of the quantum
25  dot structures of the subcell proximate the substrate is substantially less than an average
diameter of the quantum dots structures of subcells of the plurality more distal the

substrate.

14. The structure of claim 9, wherein the quantum dots structures of each
30  subcell have an effective band-gap less than an effective band-gap of the III-nitride

material.



substrate. 14. The structure of claim9, wherein the quantum dots
structures of each subcell have an effective band-gap | ess than an

ef fecti vewband/gapiof the Ill-nitride nmaterial.1l5. A pheCowskeiaiossis: ruct ure
conprising: a plurality of subcells in a stacked arrangenent overlying a
first layer of sem conductor material on _a substrate, a band gap of a
subcel | proxi mate the substrate being suﬁ@tantially greater than that of

| east one overlying subcell, each of the plurality of subcells conprising:
a plurality of quarft um Aphstoveltadstofttunhéoniprsorgpr i ses at | east one of

indium galliu nd alum num a pi-nitride materi al capsul ating the
plurality of %ﬂ]&ﬁﬁmﬁfg%gb %St%ckg‘i%ﬂ@eﬁ.ngﬁ}té}veg?ng8@%2%85?%#58@1%8%‘? Tal
overlying an uppermsififiang @bsttalea Bhl Slpidf¥ s@bcel PRE@ALR theubaifaid Bing _
substrate bonded to a surface of the second | ayer of sem conductor naterial

opposi te a sur f acesubstantiadly geaaten than dlies of lspst saerpeashythgsubeellneackof #le over | yi ng
t he upperssurface ﬁﬂuﬁﬂy%f%h&%ﬁéé&ﬂbﬁgné?chells'
a plurality of quantum dots, each of which comprises at least one of indium,
gallium, and aluminum;
a III-nitride material encapsulating the plurality of quantum dots; and
a second layer of semiconductor material overlying an upper surface of the plurality of
10 subcells;
a carrier substrate bonded to a surface of the second layer of semiconductor material
opposite a surface of the second layer of semiconductor material overlying the

upper surface of the plurality of subcells.
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