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n-type doping and passivation of CulnSg¢ and CuGaSe by hydrogen

Cetin Kilic and Alex Zunger
National Renewable Energy Laboratory, Golden, Colorado 80401, USA
(Received 28 March 2003; revised manuscript received 8 April 2003; published 7 August 2003

An impurity in a semiconductor can have either amphoteric behawiornet production of electron or
holeg, or be an energetically deep centerrriers produced only at high temperajurer a shallow center
(carriers produced even at low temperajule most semiconductor&.g., Si, GaAs, GaP, InP, and ZnSe
hydrogen impurities do not produce free carriers, being instead an amphoretic center; yet hydrogen does dope
n-type some oxides such as Snénhd ZnO. We studied theoretically whether or not H could dope chalcopyrite
I-11I-VI , compounds, CulnSeand CuGaSge Based on the first-principles calculations, we find that nonsub-
stitutionally incorporated hydrogen formsiaepdonor in CuGaSg but arelatively shallowdonor in CulnSe.

The interaction of hydrogen with the abundant defect complé#(2 Inc,)° yields an evershallowerdonor,

making CulnSe n type. In addition, our results show that hydrogen passivates the acceptorlike copper vacan-
cies in both CulnSgand CuGaSg thus eliminatingp type behavior. These findings, in conjunction with
typical conditions under which Culngand CuGaSgare grown, indicate that Culngeould be dopea type

via hydrogen incorporation, whereas CuGa8geuld not. The reason for the different behavior of Culn&ed
CuGasSe towards hydrogen is that in the latter case the conduction-band minimum is at a considerably higher
energy than in the former case. Despite this difference in electrical properties, it is predicted that hydrogen
can be stored in both Culngand CuGaSegvia implantation since the implanted hydrogens decorate copper
atoms as well as preexisting copper vacancies.
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. INTRODUCTION copper vacancies in both CulnSend CuGaSg hence
eliminating p type behavior. Thus, hydrogen incorporation
Hydrogen is a ubiquitous impurity in  many could provide a novel means fortype doping of CulnSg

semiconductor$ but its incorporation as an electrical dopant and passivates acceptorlike defectspitype CulnSe and
is rare, since it normally acts to passivate existing carrierscuGaSe. In addition, we will show that under appropriate
forming an acceptor level im-type and a donor level in conditions, a copper vacancy in Cu(Iln,Ga)$euld store as
p-type materials, e.g., in SiRef. 2, GaAs (Ref. 3, GaP  many as four hydrogen molecules.
(Ref. 4), InP (Ref. 5, and ZnSeg(Ref. 6. We have recently

7 .
shown, however, that hydroge.n im-type SnQ (Ref. 8 Il METHOD OE CALCULATION
forms a shallow donor, enhancimgtype electrical conduc- N _
tion. Furthermore, we predictéa-type dopability by H of We calculate the defect transition energies to study the

some large electron-affinity oxides such as Ji@hd WQ,.  effect of hydrogen on the electrical properties of
Here, we enquire if hydrogen could be a potential candidatéu(In,Ga)Se. The transition energy that corresponds to
for n-type doping of chalcopyrites, i.e., I-l-\4lcompounds. switching the charge state froq to g, of defectD is given
Indeed, it has already been demonstrat8dhat hydrogen bBY

implantation causep-to-n conductivity-type conversion in

CulnSe. Chalcopyrites used in solar cell applications are ES‘Z)—ESM)

mostly being doped through stoichiometry conttdf (e.g., Ep(0:/92)= W @

Cu deficiency leads tg-type acceptonsas opposed to v

chemical dopind® Such nonstoichiometric chalcopyrite
samples, on the other hand, are highly compensated sin
they are rich in both intrinsic donors and acceptdrhus,

where E(Dq‘) denotes the total energy for defdatin charge
Cs"?ateqi (i=1,2) embedded in the host syst&w CulnSe or

doping by hydrogen could provide a better means when thCuEBa?@.)lf ttr?:n Iiﬁ;méhe;eregysiitgtles (;jrr}gller(l(arg)er)_rtrr]\ssn
current methods are unsatisfactory. Our results indicate th D(ql/qz)'corres onds to gtJhe value Bt at?/%/higrzl the tran-
hydrogen incorporation could help for this purpose. We find, 2\ %1 92 b "

based on first-principles calculations, that nonsubstitutionallyS ition from charge state, to g takes place. The transition

incorporated hydrogen forms a deep donor in CuGaBet gﬁ%fﬁ?ﬂggﬁ cfguilr?cﬂ;?ggestgtb;aé?\?gnf[)c;/m the defect
a relatively shallow donor in Culn$e The interaction of

hydrogen with the abundant defect comptéxormed by
pairing of indium antisite with two copper vacancies in com-
pensatedi.e., nonstoichiometrjcCulnSe, results in an even
shallower donor, promising to make CulnSe type. Our 0
results also reveal that hydrogen passivates the acceptor-like —Ny(pnt pn) +A(EE+E)), 2

ARG =[E~Ecl+ 3 n, 12, 1)
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whereEgs is the total energy of the pure host crys&iThe  electronic self-consistency loop was iterated until the re-
value of AH® provides further an indication of whether or sidual convergence error becomes smaller than 0.1 meV, and
not the defecD(@ is stable, and thus, abundant. In 8,  the atomic positions are relaxed until the error in the total
the first term denotes the change in total energy due to brealenergy(of =64 atom$ becomes smaller than 1 meV. Neu-
ing host bonds and forming defect bonds; the second andtalizing jellium background was added to charged super-
third terms denote the change in chemical potential due teells, and the total energy was correcte®id. ~°), whereL
exchange of atoms between the host system and the atomigthe supercell siz&:

reservoirs of the elemental solids=Cu, In or Ga, and Se,  These computational settings yield an accurate description
and due to incorporation of hydrogen, respectively. is  of the chalcopyrite lattice for Culn$eand CuGaSe The
then the nymber of atoms transferred t-o the atomic resernvolquilibrium lattice @ andc) and internal(u) parameters of

a, andny, is the number of hydrogens incorporated; and  |nsg are determined as=5.701 andc=11.464 A, and

uy denote the respective atomic chemical potential wiﬂ1 u=0.2168 compared to experimental vaffesf a=5.781
being the zero ofu,. The last term denotes the energy 5nqc—11 609 A, andu=0.2281, respectively, and those of
change owing to exchange of carriers between the defect al GaSe are determined a@=5.513 ancc=10.941 A, and

the Fermi reservoilE, denotes the valence-band maximum,u:0.2430 compared to experimental vaRiesf a=5’.596

which we set as the zero &. _ B . i
The chemical potentialsu,} need to satisfy a set of con- ar:d dc;llt.O(?é:c A ap du—Of.Zé 2|3 ’ resge((::tnéely. The ;a;gu
ditions set out to avoid unwanted competing reactions. FoLanz 1 ;;e\ol rggn;:;g\?:lyo usi?\g%rincalcﬁla?;iéeigieéive en
example, we set? to the total ener of elemental solid L ’ ’ )
b ‘Zﬁ“Ga o S a0 tﬁft“ 'Y ergies: 16.49 eV for CulnSe 17.06 eV for CuGaSe 4.55

T ' ' eV for Cu (fcc), 3.11 eV for In(tetragonal, 4.60 eV for Ga
na<0. 3 (orthorhombig, and 3.55 eV for Sétrigonal). The calculated

. . binding energy(per atom of H, molecule is—2.44 eV, not
This IS SO .because the host s_ystﬁmould otherwise decom- including the zero-point energy, compared to the experimen-
pose into its elemental constituents Cu, In, or Ga, and Se. Fqr " . - .

0 : . al valué” of —2.24 eV. The cohesive and binding energies
hydrogen,y, is set o either to the enerdy(H) of free H are calculated with respect to spin polarized free atoms in
atom or to half of the total energl(H,) of free H, mol- P bin p

ecule, depending on the external hydrogen source. Moreovetrr,1e|r ground-state  electronic  configuration. The spin-

: olarized energies of free atoms are0.89, —0.20
Moyt o+ 2use Must be equal to to the heat of formation P ' '
AH; of solid CulllSe if chemical equilibrium is maintained ~ 0-12, —0.14, and—0.61 eV for H, Cu, In, Ga, and Se,

between the host compound and the atomic reservoirs, i.d€SPectively, within the LDA. The estimated experimental
CulliSey(s) < CuS)+IIl(s)+2Sds). Hence, moyt uy ~ Values® for heat of formations are 2.11 and 3.27 eV for

+2us=AH{(CulliSe,). The latter implies CulnSg and CuGaSg respectively, and the experimental
cohesive energi®are 3.49, 2.81, 2.52, and 2.46 eV for Cu,
Mcus M 2se=AH¢(CulllSe,). (4) Ga, In, and Se, respectively. It is not unusual that the LDA

overestimates the cohesive energy by 0.5-1.5 eV per atom

The equality in Eq(3) [Eq. (4)] holds for element if the tPUt the formation energie@vhich do not involve free-atom

the host system is in an environment that is extremely ric . .
[poof] in elementa. For example, Cu-rich condition implies quantitie3 are normally much bettéf. However, the differ-

4c,=0, whereas Cu-poor condition meansuc, ence between the (;alculated and experimenta}l heats of for-
= AH;(CulllSe,). In addition to Eqs(3) and (4), we must mation for CuGaSeis unexpecte_dly large. In this work, we
limit the chemical potentials so that the competing binaryuSed the calculated total Shergies because the accumulated
phases, such as jBe, and CySe, do not form out of error in[EL)—Es+2,n,ug—nuud] in Eq. (2) will be of
CulllSe;. the same order as the error in the heat of formation. The large
The heat of formation used in E¢4) as well as the total €rror in the cohesive energy, on the other hand, is not trans-
energies used in Eqsl)—(3) were calculated in the frame- ferred to the defect formation energy due to error cancella-
work of the density-functional theory within the local- tion betweerl ESY—Eg] and[ = ,n,ul—nuud] in Eq. (2).
density approximatioiLDA) employing the Ceperley-Alder As illustrated for the intrinsic defects in CulnS@Ref. 15
exchange correlation potentidlas parametrized by Perdew and for H in oxides, the LDA-formation and -transition en-
and Zungel’ We utilized the plane-wave total-energy ergies need to be corrected for the LDA band-gap error
method as implemented imsp code!® and used approxi- AEy=AE - E'gda. For CulnSeg LDA calculation results in
mately cubic supercells with fully relaxed atomic positionsa near zero band gap, compared to the experimental ¥alue
including 16 molecular units of Cu(In,Ga)Sehen no de- of 1.04 eV. The calculated band gap of CuGase0.25 eV,
fect is present. We sampled the supercell Brillouin zones btill much smaller than the experimental vaitief 1.71 eV.
a 2x2X2 k-point mesh generated according to theFor this reason, we developed a correction scheme described
Monkhorst-Pack schentd. The hydrogen ¢%), copper in the Appendix. In this scheme, we first shift the LDA-
(d¥pY), indium (s°p'), gallium (s?p?), and selenium calculated conduction bands so that the band gap is adjusted
(s?pH atoms were modeled using ultrasoft to its experimental value. We then add the following correc-
pseudopotential®’. The plane-wave basis sets were deter-tions to the acceptor </0), direct (+/—), and donor
mined by imposing a kinetic-energy cutoff of 234 eV. The (+/0) transition energies, respectively,
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EH(—/O)=EEa(—/O)-i-[l—C(—/O)][ESXp— Elgda], (5) 3. Hnextto(lll ¢,+2V¢y)
The defect complex (IH,+2V¢,) includes two copper
En(+/—)=EN83(+/-) vacancies that are fcc nearest neighbors of theg, Hhtisite,

and fcc third neighbors of each other. The location of H in
(M gyt 2V, +H)Y is practically the same as that iV§,
+H) in the respective charge stateg=(+,0,—). This is
because H in (I, + 2V, + H) interacts with one of th¥ ¢,

and the neighboring Se atom so stronger that it does not
“see” the otherV¢, or lll¢,.

1 ex a
+5[1=C(=/0)+C(+/-)][Eg P—E?],

En(+/0)=ES2(+/0)+ C(+/0)[ES*P—E¢™],

where C(—/0)=0.78 andC(+/0)=0.67 are derived in the
Appendix. 4. Comparison of calculated and observed lattice location

of hydrogen

IIl. RESULTS Muon implantation into CulnSeand subsequentSR
measurements suggdst. that the muon M takes up the
We carried out first-principles calculations for the follow- antibonding site next to Se (AR at low temperatureébe-

ing H-involving defects: nonsubstitutionally incorporated hy- |ow 150 K). This suggestion was based on a comparison

drogen H, substitutional hydrogen on Cu site ¢, hydro-  between the measured values for the muon depolarization

gen incorporated next to the copper vacaney+H), and  rate to those values calculated within a moteThis loca-

hydrogen incorporated next to the complex formed by anion for Mu* is different from what we calculate for Hin

indium or gallium antisite plus two copper vacanciesd|ll CulnSe, being at the Cu-Se bond center 8G, site, at

+2V¢,tH). distance of 1.56 A from the Se atom in stoichiometric mate-
rial, or at a distance of 1.51 A from the Se atomVi§, is
A. Location of hydrogen impurity in chalcopyrite lattice present. It could be that the experimental observatioor-

responds to the latter predicted geometry of HaBith bond

We determined the equilibrium geometries of these dergngih of 1.51 A) around/c,. But this is likely the case for
fects by minimizing the total energy with respect to atomicy, -+ only at high temperatures since muons implanted into

positions. CulnSe are trapped by copper vacancies at high tempera-
o _ tures(260—340 K.3! Our calculations exclude the possibility
1. H in stoichiometric Cu(In,Ga)Se, of ABg,site: H" initially placed at ABs, site leads to lattice
We examined 12 possible sites for hydrogen along théelaxations, moving towards BG.sesite, and finally resides
bond directiongi.e., [112] of chalcopyrite latticg as shown at BCq,.se. Such relaxation effects were ignored in the
in Fig. 1(a). If Cu is at(0,0,0 and Se at(, u, 1/2), then the model used in Ref. 30 for the interpretation of &R data.
site 3 is called “tetrahedral interstitial(T), whereas site 2 Hence, the difference between our assignment of Bsite
(closer to Se than )Tis called “antibonding”(AB) site. We  and the assignmetitof ABg, site could originate from the
performed geometry optimizations for'HH®, and H™ ini-  relaxation effects that might be attributed to the large isoto-
tially placed on these 12 sites. We found that khkes up  pic mass ratio of hydrogen to muon. We think that our as-
equilibrium position at the Cu-Se bond-center site, as showsignment of BG, se as the equilibrium position for H is
in Fig. 1(b). In this atomic configuration, His closer to the more likely than that inferrefl from muon implantation
Se atom, at a distance of 1.56 A from it. BotA HFig. 1(c)]  experiments.
and H [Fig. 1(d)], on the other hand, take up equilibrium
position at the tetrahedral site next to In or Ga. Howevér, H 5. Systematics of hydrogen location in different solids
attracts the nearest Cu atom strongly towards itself, and
cause breaking of a Cu-Se bond whereas fithd equilib-

rium at a distance of 1.95 A from In or Ga, without any " :

significant change in the local host environment. ThusjsH with the exception of GaN:H (Ref. 34, the proton H .

closer to Cu at a distance of 1.69 A, despite being a{akes up bond_—center positions in all cases. In chalf:opynte,

the tetrahedral site next to In or Ga, while Hs closer to there is a choice between Cu-Se df@h,In-Se bon_ds_, H

In or Ga. takes up the less electronegative Cu-Se bond. Similarly, the
anion H™ takes up in all cases the tetrahedral interstitial site

next to the cation. In chalcopyrite, there is a choice between

the cations Cu or Ga, In; the anion Hakes up the tetrahe-

If H* is placed next t&/2, or Vg, it finds its equilibrium  dral site next to the less electronegati(@a, In. Interest-
position almost at the same location as bond-centerednH ingly, the neutral ¥ reveals a transition from the lattice site
perfect Cu(In,Ga)Se but now at distance of 1.51 A from location akin to H (BC site and to the lattice site location
the Se atom. We find that this is the atomic configuration forakin to H™ (T, Site) with increasing electronegativity dif-
the (Vc,+H) complex when the charge staterisutral or  ference of the two host elements. For exampl@ takes up
+. If the charge state of\{c,+H) is —, however, H is the BC site in Sielectronegativity differencA y=0), GaAs
pushed to a distance df.76 Afrom the Se atom. (Ax=0.37), and Z(S,Se, Te (Ax=0.45-0.93), but in the

Table | summarize€=3°the calculated equilibrium posi-
tion of H in different adamantine compounds. We see that

2. H next to V¢,
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| Location of H on (1_ 10) of chalcopyrite lattice

FIG. 1. (a) The possible sites for H in chalcopyrite lattice, along
the bond direction, i.e[112]. The numbered empty circles shdly
the Cu-Se bond-center site @¥16,1/16,1/1§ (2) antibonding site
next to Se at(3/16,3/16,3/15 (3) tetrahedral site next to Se at
(4/16,4/16,4/1% (4) hexagonal site at5/16,5/16,5/1§ (5) tetrahe-
dral site next to In a{6/16,6/16,6/1§ (6) antibonding site next to
In at(7/16,7/16,7/1% (7) In-Se bond-center site €9/16,9/16,9/1§
(8) antibonding site next to Se &11/16,11/16,11/1% (9) tetrahe-
dral site next to Se af12/16,12/16,12/1% (10) hexagonal site at
(13/16,13/16,13/1% (11) tetrahedral site next to Cu &14/16,14/
16,14/16, and(12) antibonding site next to Cu &15/16,15/16,15/
16), putting Cu atom at0,0,0. (b—d The equilibrium location of
H* (b), H® (c), and H™ (d) in Cu(In,Ga)Se.

PHYSICAL REVIEW B 68, 075201 (2003

more electronegative compounds (&gSe,Te (Ax
=0.79-1.27) and GaNAx=1.23), H takes up the tetra-
hedral site next to the cation, just as Hoes. In chalcopy-
rite, there is a choice between the cations C(Ga, In); the
neutral H takes up the tetrahedral site next to the less elec-
tronegative(Ga, In. In this case, however, Hdiffers from

H™ in attracting the closest Cu atom towards itself.

B. Defect formation and transition energies

We calculated the defect formation and transition energies
for H;, Hecys (VeutH), and (g, +2Ve,+H). Whereas
formation energie$Eq. (2)] depend on chemical potentials,
transition energiefEq. (1)] do not. The explicit dependence
of the defect formation energies on the atomic chemical po-
tentials as well as the Fermi enerfpf. Eq. (2)] is shown in
Tables Il and Il where the defect formation energies of
hydrogen-involving defects are listed. These formation ener-
gies are plotted in Fig. 2 for Culngas a function of Fermi
energy. We fixucy, s, and uge SO that we mimic the
growth conditions ofp-type (In-rich and Cu-poor CulnSe
samples used in hydrogenation experiménts(i) We set
mse=0 since chemically pur@-type CulnSe grows under
Se-rich conditiort? (ii) It has been showh that under In-
rich and Cu-poor conditions, ordered arrays of In
+2Vc,) complex form spontaneously, so that CulpSe
phase¢ transforms to other structural phases such as
Culn;Se; (B phase and CulgSe; (y phasé. Thus, we con-
sider an chemical equilibrium of Culnge(Ing,
+2V¢) < CulnsSg to mimic In-rich and Cu-poor con-
ditions. It follows, from points (i) and (i), u,
+uc,=AH{(CulnSeg) and u,—3uc,=AH:(CulnSe)
—AH;(CulnsSe;), respectively, where AH;(CulnsSe;)
=—7.1 eV within the LDA. The values of,, and uc, are
then obtained by solving the latter two equations simulta-
neously. Foru, we consider equilibrium in atomic H-rich
environment so thatty=E(H). This is shown by the verti-
cal scale on the left-hand side in Fig. 2. One could, instead,
also imagine equilibrium in molecular ich environment
so thatuy=(1/2)E(H,). The vertical scale on the right-hand
side in Fig. 1 shows this case. The defect transition energies
are marked by filled circles, and the charge states are as
indicated.

It is seen in Fig. 2 that the charge state transition occurs
directly from g=+ to q=— for both H and (lllo,+ 2V,
+H), showing that these defects do not becametral for
any value of Fermi energy. The latter is the case for hydro-
gen in most semiconductotgnd is known as theegative
U behavior’ This means that hydrogen will act as a shallow
donor or acceptor if its directi/—) transition level is in the
vicinity of the conduction-band minimu¢€BM) or valence-
band maximun{VBM), respectively. Figure 2 shows that the
direct (+/—) transition level of H is located atE.
—0.39 eV in CulnSg where E. denotes the conduction-
band minimum, i.e., nonsubstitutionally incorporated hydro-
gen forms a rather deep donor. On the other hand, nonsto-
ichiometric CulnSg¢ contains (lg,+2V,) defect
complex!® The direct transition level of (IH,+ 2V, +H) is
located atE.—0.15 eV in CulnSg Thus, the incorporation
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TABLE I. The equilibrium locations of F, H°, and H™ (columns II-1V, respectivelyin various systems

in diamond[Si (Ref. 32], zinc blendg GaAs (Ref. 33, GaN (Ref. 39, (Mg,Zn) (S,Se,Te (Ref. 35], and

chalcopyrite[ Cu(In,Ga)Sg] structures. BG.5, T,, and AB, denote the bond-center site between two

atomsa and B, the tetrahedral site next i@, and the antibonding site next te, respectively. The atomic

electronegativitiey on Pauling scale are given in column ;= 2.20 for comparison.

System H HO H™ Electronegativity

Si BGCsisi BCsisi Tsi  xsi=1.90

GaAs BGanas BCga-ns Tea  Xca=1.81; xas=2.18

ZnVI (VI=S,Se,Te BCyzn.vi BCz.vi Tze xzn=1.65; xs se 176 2.58,2.55,2.10
MgVl (VI=S,Se,Te BCug-vi Thg Tvg  Xmg=1.31; xs se 76 2.58,2.55,2.10
CUI“SGZ (”l :In,Ga) BCCu-Se T||| T||| )(Cu=190, Xln,Ga: 178,181,,\/39:255
GaN ABN TGa TGa XGa— 181, XN:304

of H next to (lllc,+2V¢,) results in a shallow electrical compensate the holes promoted\fy,. The effect of hydro-
level. This is due to the fact that (fif +2V,)° has two gen incorporation on the electrical properties of
negatively charged copper vacancies and the incorporatedu(In,Ga)Se can then be considered as an interplay be-
hydrogen being next t¥, prefers to be int- charge state as tweenpassivationandn-type doping cf. Sec. 1l D below.
opposed to- charge state owing to electrostatic interaction. Figure 3 summarizes the calculated electrical levels, i.e.,
The latter implies gositivecontribution to the direct transi- the hydrogen transition energies, in Culp®@d CuGaSg

tion energy so that Ey_ o +H(+/—)=Eu(+/-) It is seen that hydrqgen electrical levels in CuGagee
+0.24 eV. ~0.2 eV deeper relative to Culngerhus,n-type doping by

Hydrogenation of CulnSewas observed to pin the Fermi hydrogen will be mucHesseffective in CuGaS_gcompared
level atE,—(0.1+0.1) eV (Refs. 9 and 3§ converting the {© CulnSe. The fact that the CBM of CuGagés ~0.6 eV
materialn type. We explain this by the calculated donor level@bove that of CulnSe(Ref. 37 explains why hydrogen
of (In+2V¢,+H) at E;—0.15 eV, showing that hydrogen forms a deep'er donor level in the former and a relatively
dopesn type CulnSg owing to the formation of (If-2V., Shallow level in the latter.
+H)*. Thus, the observéd®3® conductivity-type conver-
sion in CulnSeg is explained.

Figure 2 also shows that the defectg,tand (Ve + H) We see in Fig. 2 that the formation energies of
areneutralfor E,<Eg<E.. This implies that the negatively y.jnyolving defects armegative(cf. the vertical scale on the
charged copper vacancies will be passivated upon incorporgeft) in equilibrium with atomicH source, whereas they are
tion of hydrogenoncethese defects form. Thupstype elec-  ositive (cf. the vertical scale on the rightin equilibrium
trical conduction will be weakened upon+hydroge_:nat|qn bewith molecular H, source. Thus, hydrogen incorporation
cause the electrons released as a result’ofdtimation will from atomic H source into Cu(In, Ga)Sis exothermic tak-

C. The role of H source and the internal H reservoir

TABLE Il. The defect formation energies for hydrogen- TABLE 1ll. The defect formation energies for hydrogen-
involving defects in CulnSgas a function ofu, andEg. The zeros  involving defects in CuGaSeas a function ofu, and Eg. The
of wy, pcus #in, @ndEg are set to the energy of H atom, the total zeros ofuy, ey, #ca, @NAEE are set to the energy of H atom, the
energy of Cu solid, the total energy of In solid, and the valence-otal energy of Cu solid, the total energy of Ga solid, and the
band maximum of CulnSe respectively. valence-band maximum of CuGaSeespectively.

Defect Formation energgeV) Defect Formation energgeV)

h —1.68— uy+Eg H' —1.33- uy+Eg

HY? —0.50- uy H? —0.19- uy

H —0.21— py—Er H 0.03- uy—Er

Heu —0.94- uyt+ peyt Er Heu —0.66— uyt+ pcytEr

HE, —1.29- pp+ sy Heu ~1.34- py+ py

Hey 0.18- puy+pcy—Er Hey 0.42- pp+peu— Er
(VoutH)™ =159 pyt+ucytEr (VoutH) ™ —1.30- upyt+ucut Er
(Vout H)° —1.93- upt pcy (Vout H)° —1.98- uyt+ pcy

(VeutH)™ =033~ uyt+ucu— Er (VeutH)™ —0.11= up+ pey— Er
(Ingyt 2V +H) " —1.57= py+3pcy— mintEr (Gagyt2Vg+H) " —1.68- uy+3pcy— Meat Er
(Incyt+ 2Vt H)° —0.33~ uy+3pcu™ Min (Gagyt 2Vt H)° —0.32= uy+3pcu— Mea
(Ingy+2Veyt+H)™ 0.26— pp+3ucy— min— Er (Gagy+2VeytH)™ 0.17= un+3pcy— mea— EF
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Formation energies of H-involving defects in p-CulnSe,

uHTE(H) (1/2) E(Hy) = 1y
0 L | L | ‘ >
H e
«—
s -2
A
. _ ) .
> H internal reservoir
B | Ing+2Vegt T~ o
g system ﬁxtdernal
. - rogen source
= | H; ~| : yarog
® |
£ H 0
o + Cu
2 ]
b Se
H
(1] \
3 Q 2
=] 0 Veut+H -0
= = Se
m m
> )
-3 ' T T H
0 0.5 1 2
Fermi energy (eV) Hy
. . internal 5e O O se
FIG. 2. The LDA-corrected formation energies of,HHc,, iy
(VeytH), and (I +2Ve,+H) in CulnSe as a function of the 8 Hy

Fermi energyEg for Cu-poor, In-rich, and Se-rich conditions. Two
different hydrogen sources are considered: atomidefl scalg or
molecular H (right scalg. The zero ofE is set to the valence-band
maximum. +, 0, and— denote the charge states. The transition
energies are marked by filled circles.

FIG. 4. The formation of an internal H reservoir is schematically
shown (top). The corresponding atomic configuration is illustrated
(bottom) for the internal reservoir formed bipur H, molecules at
the corners of th&/ . -centered tetrahedron. The tetrahed(ahite
dashed linesformed by Se atoms also centered abWyf, is or-
ing place spontaneously, whereas incorporation frognisH  thogonal to the H tetrahedron.
endothermicThis explains the experimental difficuffwith
H incorporation from H gas, and verifies that the use of drogen reservoirTo explain this point, we first consider the
atomic hydrogen is crucidf We find in the latter case that decoration of a defedd by a numbem of H atoms or H
the implanted hydrogen atoms can decorate copper vacancigwlecules. The resulting defect complex is denotedas
inside Cu(In,Ga)Sg causing formation of amternal hy- +mH,, wheren=1 and 2 for atomic and molecular hydro-
gen, respectively. The change in energy upon incorporation
of m H,, species intocS=Cu(In,Ga)Se next to defectD is

H(+/-) level in CulnSe, and CuGaSe, termedas thehydrogen incorporation energgiven by
----- Il #2V,,+H AEV=ER) y —ES)—mn(uy+ ud), (6)
........... H =1.69
where the zero of hydrogen chemical potential is set to the
E.-0.39 energy of H atom, i.e.,uﬂ=E(H). We first note thatD
B = = === = == == +mH, forms spontaneously hE{™" is negative We next
c” Y consider incorporation of hydrogen into the host system
------ S & ¢ from some ex_tern_al hydrogen source. The top panel of Fig. 4
LA shows this situation schematically. The external hydrogen
E;-0.39 source(with chemical potentiajy;) pumps H into the sys-
tem Sif uy=<uy, (otherwise hydrogen would leave the sys-
E, =0.00 E,) =-0.04 tem$ diffusing into the sourcde Similarly, hydrogen species

(with chemical potentiabuiH) decorating defecD form an
internal reservoir whepy=<u; . SinceEg , ny —Ep in Eq.

CulnSe, CuGaSe, (6) corresponds to the change in the internal energy upon

incorporation ofm H,, species next td, the incorporation

energy is proportional tgu,— uy. It follows then that hy-

drogen species decoratilgact as an internal reservoir if the
FIG. 3. The electrical hydrogen level in CulnSand CuGaSge value of uy is so thatAEQR"" is positive

LDA-calculated valence-band offséRef. 37 is used to put VBMs Figure 5 shows the hydrogen incorporation energy with

of CulnSe and CuGaSgon the same energy scale in eV. respect to the hydrogen chemical potential for varioas-
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| Incorporation energy for H-involving defects I increasing the value gfy in the first stage is crucial since
| in Culnse, | in CuGaSe, | the secon.d stage consists only of uncontrolled relaxations.
. . . — According to Fig. 5, implanted hydrogens form $pon-

\: taneously ifuy= uf(H;), where

phi(H)=pti(Hy) +1.261.32 eV

E \; for CulnSe [CuGaSeg]. The differenceuwy;(H;) — uii(H,)
] -

measures the increase jry with respect to the equilibrium

oo N
/
H;

nNonN

1ol .l
./

VCU+

?3 S value of uy in the external reservoir of § Since the latter is

§’ e _ % . 3 larger than 1 eV(per implanted H atom it is hardly ex-

s 27 i s° ! 3 pected foruy to pin u}(H;) without damaging the host sys-

8 = tem. For /¢, +H), on the other hand, we have

8 2 T -

5 07 q -

\ 3 \ ] uii(Veuwt H)= iy (H) +0.070.10] eV

§’ 5] ? g for CulnSe [CuGaSeg]. Thus, the differenceuf(D

£ 27 ) *3 ) 3 +mH,) — 1 (Hy) for (Ve +H) is smaller by more than an
¥ > v

order of magnitude in comparison to that foy. H'his shows

| Incorporation energy for external H, source | that decoration o¥/ ¢, requires a small increase i, with

] 3 respect to the equilibrium value @f, in the external reser-

o_\ - \ 3 voir H,, which could be supplied during the implantation

B 3 H 3 process without damaging the host system. For rthél,,

! 2 A 0 3 2 Y 0 species decoratingc,, we have
Hydrogen chemical potential (eV)

wii(Veyt Ha) = pfi(Hz) +0.570.60] eV,

FIG. 5. The hydrogen incorporation energid&'" [given in
Eq. (6)] for H;, Vgt H, Veyt+Hy, Vet 2H,, andVe,+4H, in *(\/. +2H,)= u*(H-)+0.16 0.25] eV
CulnSe (left) and CuGaSe (right) with respect to the hydrogen #h(Veu 2) = pii(Ho) 40.25 ’
chemical potentiaje,,. The zero ofuy is set to the energy of H * -
atom. The incorporation energy for the external reservoir gfisH Hr(Veut 4Hp) = up(Hz) +0.140.23) eV

also shown in the bottom panels, for comparison. The shaded arggr CulnSe [ CuGaSe]. In addition, we have
represents whereAEZ""=0. The solid arrows locateu,(D

+mH,), i.e., the value ofuy for which AEJ'"=0, on the horizon- wh(CulllSe,:H,) = i (Hy) +0.230.33 eV,
tal axis while the dotted arrows locatg(H,).

uh(CulllSe,:2H,) = ufi(Hy) +0.170.27] eV,
tral H-involving defects: H, (V¢ t+H), (VeutH2), (Veu
+2H,), and (V¢ ,+4H,). The incorporation energy for the up(CulllSey:4H,) = uy(Hy) +0.170.27] eV
external reservoir of Kis shown in the bottom panels for
comparison. It is seen thatE['" can be positive or negative,
depending on the value qi,. Hence, the range of is

for the H, molecules accumulated around Cu atom in sto-
ichiometric regions of CulnSg CuGaSe]|. Hence, decora-
g . ; . o~ WoH tion of V¢, by two or four H, molecules as well as accumu-
divided into two regions, 35 indicated by shadlng__m Fig. 5,1ation ofcgnz, two, or fogrb b molecules around Cu also
for :aach D+mH,: (i) ":H(D+mHn)<'“H and (i) un  requires a relatively small increase i, with respect to the
<wpr(D+mHy), whereup(D+mH,) denotes the value of eqyilibrium value ofuy, in the external reservoir H Thus,

un for which AEF"=0. For external reservoir of H  implanted hydrogens either accumulate around copper atoms
up(Hy) =E(H,) due to the fact that the elemental ground or decorate copper vacancies. In the latter cage, € H),
state of hydrogen is § If uy has a value within regiofi), (Veut2H,), and (Vg +4H,) are formed, resulting in an
then AE{™ <0, so that decoration dd by m H, species internal H reservoir. This is illustrated foWg,+ 4H,) in the
takes place spontaneously. On the other handjfhas a bottom panel of Fig. 4, wheréour H, molecules form a
value within region(ii), thenD +mH,, acts an internal reser- tetrahedron orthogonal to that of Se atoms neighbovigg

voir sinceAE(Dm’“)>0. Thus, the internal hydrogen reservoir This reservoir supplies hydrogens to form the electrically
forms in two stages characterized by the valueugf: The  active H-involving defects. As the system is equilibrated for
first stage involves spontaneous decoratiorDoby m H, a long enough period under some H-poor atmospkeig,
speciedi.e., uy adjusted to some value within regidn as  air), uy gets eventually smaller tham, (V¢ +mH,), so hy-

in, e.g., implantation experimeft¥:3%3] so that a signifi- drogen tends to diffuse out uniil, pins to the equilibrium
cant amount of hydrogens is incorporated. In the secondalue of uy in H-poor atmosphere. This prediction is in line
stage, the subsequent relaxation of the system following thesith the observation th#t the p-to-n conversion is reversed
implantation makeux decrease to some value within region if the sample is stored in air. Thus, the hydrogen implanted
(i), so thatD+mH, acts as a reservoir. In this process,into Cu(In,Ga)Sgcan be taken out by adjusting the external
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TABLE IV. The enthalpiegin eV) of defect-pairing reactions in 4 — )
CulnSe and CuGaSge There is no dependence on the atomic 1
chemical potentials or the Fermi energy since the pairing reactions
are atom and charge balanced.

T (-/0) (8V)

Reaction CulnSg CuGaSe

Ve, +H—HZ, 0.32 0.29
Vet Hi = (Veyt H)° -0.33 -0.35
(I gyt 2V O+ H;" — (Il gy + 2Vt H) * 0.00 -0.35
(N eyt 2Ve) O+ H — (Il gyt 2V +H) ~ 0.36 0.14

T (+/0) (eV)

conditions so that chalcopyrites may be utilized for hydrogen
storage. The atomic weight percent of hydrogen, however,
seems to be rather lojv~0.2-0.3% for 10% Cu deficient

Cu(In,Ga)Sg] for practical applications. 0o 1 s 3 2

LDA band gap (eV)

D. Hydrogen in nonstoichiometric p-Cu(In,Ga) Se,
FIG. 6. The LDA-calculated’(—/0)=E.— Ey(—/0) (top) and

As we mentioned in Sec. II B, the effect of hydrogen in (. /0)=g,(+/0)—E, (bottom as a function of the LDA band
nonstoichiometric chalcopyrité.e., containingVe, and/or  gap for chalcopyrite CulnSeand CuGaSg and zinc blende ZnS,
lllcy+2Vey) depends on the interplay between passivatiorgnse, znTe, MgTe, MgSe, and MgS. The lines show the result of
andn-type doping. This can be explained in terms of reactionregression analysis summarized in E#1).
enthalpies for pairing of the defects in Cu(In,Ga)Slksted
in Table IV. We see that pairing &fc, and H' to form He,, 4 formation of an internal H reservoir in both CulnSand
is endothermic whereas it isexothermicfor forming (V¢ CuGaSe.
+H,)°. Thus, hydrogen prefers to residextto copper va-
cancy, as opposed to substitute the vacant Cu site. In systems
where the negatively charged copper vacancies preexist, e.g., ACKNOWLEDGMENTS
in chemically purep-type Cu(In,Ga)Sg hydrogen will then
be incorporated into theMc,+ H;)° defect complex. Since
neutral V¢, +H,)° is electrically inactive, hydrogen will
thus passivat@-type Cu(ln,Ga)Se Table IV also shows
that pairing of H with (1ll ¢, +2Vc,)° to form donorlike
(I g+ 2V, +H) " is exothermic whereas that of H to

form acceptorlike (llky+2Ve,+H)™ is endothermicThus,  AppENDIX: CORRECTING DEFECT TRANSITION

We like to thank to K. Otte, L. G. Wang, J. Abushama,
and M. Contreras for useful discussions. This work was sup-
ported by the US DOE-SC-BES under Contract No. DE-
AC36-99G010337 and the NERSC for IBM SP time.

similar to the case witlV¢,, hydrogen prefers to be incor- ENERGIES FOR LDA BAND-GAP ERROR
porated next to (I, +2Vc,)°. Hence, the incorporation of _ _ _
hydrogen into nonstoichiometric Cu(In,Ga)Sand the ef- Here we introduce a practical scheme for correcting de-

fect of H on electrical conduction are controlled by the fect transition energieB(q;/qy) for the LDA band gap error
amounts of preexisting intrinsic defectég, and (lll, AEq=Eg*~Eg?. The formation energy of a defeatH 5
+2Vey)°. [Eg. (2)] and the transition enerdyy(d;/d,) [Eq. (1)] both
depend indirectly on the value of the band-gap. In principle,
these dependencies can be monitored by causing a real or
IV. SUMMARY computational change in the band gap, and monitoring ensu-

i i (a)
Our first-principles study shows that the main electrical"d change iNAHGY andEp(d;/dy). In Ref. 39, the cutoff

effect of hydrogen incorporation on chalcopyrites can beEN€rgyEL for the plane-wave basis set was used fo alter
summarized as an interplay betweetype doping and pas- Es%(E1) andAHSP(E1), and the resulting functional rela-
sivation. The former is determined by the location of thetionship was used to extrapolateH (" to its value when the
chalcopyrite CBM, while the latter is controlled by the inter- band garE'gda was replaced by the experimental value. An-
action with the intrinsic defects, i.e., nonstoichiometry. Inother way to explore the dependenceEf(q,1/q,) onEg is
this respect, H incorporation leadsneype doping and pas- to use chemical identity to alter both Figure 6 shows the
sivation of acceptorlike defects in CulnSeavhile only pas- dependence of the distand& —/0)=E.—Ey(—/0) of the
sivation of acceptor-like defects in CuGaSéhis is ex- acceptor level from the CBM on the band gap for different
plained by noting that the CBM of CuGasis considerably [I-VI-like compounds, and the distandé(+/0)=E,(+/0)
higher than that of Culn$e Despite this difference in elec- —E, of the donor level from the VBM. It is seen that both
trical behavior towards hydrogen, it is illustrated that thel'(—/0) andI'(+/0) vary linearly with Egda. Thus, we pa-
hydrogen incorporatiofvia implantation or otherwigdeads rametrize these quantities within LDA as
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T'i4a(d1/d2) =G(d1/0) + C(a1 /) Eg®,  (AD) AEy(—-/0)=AE.~C(—-/0)AEg, (A4)

where G(q,/9,) and C(q;/q,) denote coefficients deter- AEH(+/0)=AE,+C(+/0)AE,,
mined via regression analysis of Fig. 6(—/0)=—0.04, . ox da ox da
G(+/0)=0.46, C(—/0)=0.78, andC(+/0)=0.67, corre- respectively. Her\E.=E*"—E* and AE,=E;"—E;
sponding to rms deviations of 0.20 and 0.24 eV[i(—/0)  denote the correction for the CBM and VBM, respectively.
andT'(+/0), respectively. The correction to the direct/—) transition energy is given
Comparison of the LDA transition energies with the cor- by
rected transition energies ogbtained from previously used 1
band-gap-correction schendé8 indicates that a reasonable AEu(+/ =)= =[AEu(—/0)+ AEw(+/0 A5
description for the variation of'(q,/q,) can, indeed, be Hl ) 2[ H( ) Hl )] (AS)
obtained within the LDA Qespite the fact that the LDA in- according to Eq(1) of Sec. II.
volves large error regarding the band gap. We assume that SinceAE,=AE,—AE,, Eq.(A4) can be rewritten as
Eq. (A2) should be applicable also for the experimental band
gapEg™®, so that AEy(—/0)=C(—/0)AE,+[1—C(—/0)]AE,,
(A6)
AEy(+/0)=C(+/0)AE.+[1—-C(+/0)]AE,.

The values ofc(—/0)=0.78 andC(+/0)=0.67 in conjunc-
tion with this equation indicate that the accepter/Q) tran-
From Eqgs.(A1) and (A2), we obtain sition energy follows largely the valence-band edge, whereas
the donor +/0) transition energy follows largely the
conduction-band edge. It is interesting to note that the latter
AT (01 /02)=C(d;/d2) AE,, (A3) Wwas the basic_as_sumption in Ref. 15 to correct the band-gap
error for the intrinsic defects in Culngeln the present
framework, the band-gap correction in Ref. 15 corresponds
where .AF(qllqg)=F(q1/q2)—F|da(q1/q2) denotes the ;e case wher€(—/0) and C(+/0) aread hocset to
correctmgp tOITd(g;/QZ) due to LDA band-gap error, and nity Our procedure makes an empirical determination of
AEg=Ey"—E4 " is the band-gap error. these coefficients possible, using tfimst-principlesdata. If
The correction to the LDA acceptor/0) and donor  we further assume thatE ~AE,, Egs.(A5) and(A6) sim-
(+/0) transition energies can now be obtained from @) plify to the Eg. (5) of Sec. Il, which we used in practical

I'(01/d2)=G(a1/d2) + C(a1/92)Eg™. (A2)

as applications.
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