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We theoretically identify the chemical thermodynamic boundary conditions that will pradtyqee
CulnSe via halogen doping. Remarkably, we find that due to the low formation energies of the
intrinsic defectsVc, and Iy, in CulnSe, the growth conditions that maximize the halogen donor
incorporation do not yieldn-type conductivity, whereas the conditions that maximize the
concentration of the intrinsic donordpdo yield n-type conductivity. Under the latter conditions,
however, the contribution of the halogen donors to the net donor concentration stays significantly
below that of Ig,. © 2005 American Institute of PhysidDOI: 10.1063/1.1854218

Solar cells based on Culng€ClS) chalcopyrite semi- removed from(host atom,n,=+1) the lattice when the de-
conductors require that a region of tpetype material be- fect is formed. HereAu,, is the deviation from the chemical
comesn-type (“type inversion).! In CIS?3 electron concen- potential M of the elemental phastsolid phase, or di-
trations in the 1& cm™ range can be obtained by adjusting atomic molecule in case of halogen, e.g,)CThere are four,
the growth conditions. Cation-site substitution by divalentoften mutually conflicting, factors that contnoltype doping,
doping (Zn, Cd resulted in electron concentrations aroundillustrated here for anion-site doping in CIS:

108 cm3 in CIS2 Here, we study anion-site substitution by (1) Enhancing the solubility of donor dopantdaximiz-
using halogen donofs® ing the solubility of the donor species means minimizing its

Whether a semiconductor becomgsor n-type is cru-  formation energy. According to Eql), this can be achieved
cially determined by the chemical thermodynamic boundarypby maximizing the chemical potential of the dopant atom,
conditions during the growth and the doping process, i.e., byvhile minimizing simultaneously the host anion chemical
the chemical potentialg,, of all relevant typesr of atoms.  potential. At the same time, the chemical potentials of the
Being a potential for mass transport, the chemical potentialaost atoms must be consistent with the stability of the host
determine the equilibrium dopant concentration by the rewith respect to decomposition: first, the stability condition of
quirement that theu, be inside the semiconductor crystal the hostAucy+Awn+2Ause=AH{(CulnSe) has to be ful-
equal to their value in the chemical reservoir. In elementafilled, and second, thdx must assume values that are con-
semiconductors, the optimum choice for the chemical potensistent with boundary conditions imposed by other phases
tials for a desired conductivity type is straightforward: that may form out of the elements Cu, In, and [®eg.,
“maximize u of the dopant.” In binary and ternary systems, Au,,+Ause<AH(InSe]. Figure 1 shows our calculated
however, the situation is more complex and the conditionsstability diagram of CIS where the stability region of CIS is
suitable for doping of the desired polarity can be estimatethounded by the phases InSe, G48g, and CuSe. The
using “doping rules® In the following, we will first outline  compounds formation energiesH;, as well as the defect
the generah-type doping rules in CIS that emerge from suchformation energies\Hp, ,, were obtained from total-energy
thermodynamic boundary conditions. Next, we will use first-calculations in the local density approximatirDA ).
principles total-energy calculations to deduce quantitative in-  (2) Constraints imposed by formation of competing com-
formation about the relevant formation energies. Finally, uspounds with dopant atomsFor anion-site doping, com-
ing these energies we calculate the equilibrium defechounds between the host cation and the anion dogrene,
concentrations for different chemical potentigiowth) con-  CuCl and InC) can form, giving rise to additional con-
ditions. This identifies the trends of doping efficiency at dif- straints on the chemical potentials, e.g\ucy*+Auc

ferent growth conditions. < AH{(CuC) or Au,+Aug<AH:(InCl). This means that
The formation energAHp, 4 of a defectD is defined as

AHp o(Er, ) = (Ep g = E) + 2 Nosto + A(Ey + Ep), (1) _Auculevl

20

Apn [eV]

whereEp, 4 is the total energy of the semiconductor with the
defectD in charge state], andEy is the energy of the pure
host. The second term represents the energy of the chemical
reservoir, while the third is the energy of the carrier reservoir.
Er is the Fermi energy relative to the valence band maxi-
mum, Ey. What is important in the context of the following CuSe
discus?ion is thaAHp, ; depends on the chemical potentials
eem+

Mo=me +Au, of atoms« added to(dopant,n,=-1) or

FIG. 1. Phase diagram of CIS indicating the stability region of @Jy)
and the competing phases. The bold lines ending at pBiatsdN give the
dpresent address: Royal Institute of Technology, SE-100 44 Stockholmghemical potentials for which the formation energies of.@nd Ir,, re-

Sweden. spectively, are constant and minimal. The poiRtandN define the “halo-
PElectronic mail: Alex_Zunger@nrel.gov gen favored”(P) and “Ing, favored” (N) conditions.
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for the allowed range oR\uc, and Aw,, (cf. Fig. 1), the  TABLE I. Chemical potentialgAx in eV) for the CIS host atoms and for
maximal halogen chemical potential required by rig is the halogen atoms for “halogen favored” conditigpsint P in Fig. 1) and
obtained in equilibrium with Cu- and In—halide(ﬁ for “In, favored” conditiongpoint N). P: Cu-rich, In- and Se-intermediate,
<0) rather thgn with molecular halogén u _(’;;‘ha'oge” and halogen richN: Cu-rich, In-rich, and maximally Se-poor.
halogeri— %+

(3) Suppressing electron-killer defect®he most promi-
nent intrinsic electron killefacceptoy in chalcopyrite semi-
conductors is the cation site vacandy,, having a particular ~ Clsefavored(®) 0~ -070 -0.51 -1.11

Apcy Apin Apse Apcy Apg, Apy

low formation energy, even at Cu-rich condition$A uc, IBrSfefa"C’rng()P) 8 ’8-22 ’g-gé o 090 o
=0). Being negatively charged, the formation energy is fur-'se2vored(® T Y
Inc, favored(N) 0 —0.07 -083 -174 -153 -127

ther lowered at high Fermi energies, which are expected ta
be present under-type doping conditions. In order to obtain
n-type conductivity it is thus needed to maintain maximum
Cu-rich conditiong A uc,=0) to minimize formation oV,

(4) Assisting n-type doping by formation of intrinsic do-
nors In CIS, there are mainly two donor-like intrinsic de-
fects, i.e., the Ip, antisite and the anion vacan®gion-"°
While the anion vacancy has recently been ruled out as
source ofn-type conductivity, because of its deep ionization
energy? the formation of the intrinsic double donor dn
could supporin-type doping. Thus, one would aim to mini-
mize AH(Ing,) by maximizing A, —Aucy

To quantify ruleg1)—(4) above, we determine from first-

(i) Halogen favored conditionsThe conditions that
maximize the incorporation of halogen donors are denoted
“halogen favored” conditions. These conditions are given by
the set ofA upaiogen Attcw Apin, andAuse that minimize the
halogen donor formation enerd¥q. (1)] and, at the same
ﬁme, fulfill the stability condition of CIgsee(1)] and the
constraints imposed by the precipitation of Cu- and In-
halides[see(2)]. This still does not define a unique set of the
Au, but leaves one degree of freedom, i.e., all points in the
phase diagram in Fig. 1 that lie on the bold line ending in

. ) _ point P fulfill the requirement of minimalAHp;jogen IN Order
principles supercell calculations the formation ener§ls. 1, raduce the impact of the electron-killég,, as far as pos-

(1)] of the relevant defects, as well as the formatior_l energiegime we further chooseé\uc,=0 [see (3)]. The resulting
of the compounds that can be present as competing phaseiemical potentials correspond to poltin Fig. 1 and are
Here, total energies are calculated in the pseudopotentiafsiad in Table I. They correspond t&ti-rich, In, Se inter-

momentum space formalisftusing the projector augmented negiate, and halogen richThe respective defect formation
wave potentlaljs1L and the local density approximation. The energies as a function @& are depicted in Fig. (2).

point defects are modeled within a fully relaxed 64 atoms (i) Ing, favored conditions As a second choice of
supercell. The underestimation of the CIS band gap in thgyowth conditions, we consider those that maximize the con-
LDA has been remedied by adjusting both the energy of thentration of the intrinsic donor #, denoted as “Ig, fa-
valence band maximunk,, and that of the conduction band ygred” conditions. According to argumefit) and Eq.(1)
minimum, E¢. Here, Ey is shifted down by using the LDA these conditions are given when the differen@uc,

+U method” which corrects for the LDA underbinding of — A, ) is minimal. This requirement is met under In-rich
the Cud electrons with respect to experimental photoemis—ongitions which are obtained by establishing equilibrium
sion data, whereaB is shifted up by theemainingband  wjth InSe (Fig. 1). Also here, one degree of freedom is left,
gap error. The correction foEy (Ec) was also applied to  ¢orresponding to the bold line ending in poitin Fig. 1.
shallow acceptotdonon states which are assumed to follow Again, we chooseé\uc,=0 to minimize theVg, concentra-
the band edges. We also corrected for band-filling errors thaton according to argumert8). This yields ‘Cu- and In-rich
occur due to the very high defect concentrations implied byand Se-podr (see Table)l In order to increase the halogen
the use of a finite supercell. Since the defect levels calculategbncentration as far as possible under these conditions,
here are rather shallow, having extended wave functions, W8 s, 04enis NOw maximized by establishing equilibrium with
do not use the truncated multipole expansion of Ref. 13 fothe In-halides imposing a stronger restricti@pper bounyl
image charge correction. A complete account of the proceto the halogen potential than the Cu-halides. Thus, the CI
dure of total-energy calculation will be presentedpotential, for example, becomeauc=AH{(INCl)—Aw,.
elsewheré’ The equilibrium defect concentration is calcu- The chemical potentials for the ‘¢ favored” conditions
lated according t@p (Eg, 1, T)=N exg -AHp 4(Eg, 1) /KT], (point N) are listed in Table I, and the respective defect for-
whereN is the concentration of atomic sites that are substiimation energies are plotted in Figb2

tuted by the defect. The defect concentrations depend-on
and, in turn,Ex depends on the concentrations of both the

charged defects and the carri¢etectrons and holgsvia the @ c:gsv:z"“ed L |® "}gumf:"”ed L
requirement of overall charge neutrality. Thus, we determine, g : Vt% g — 0
for given temperature and chemical potentials the self- e ! Incy C,S;'/*- 0><C|Se/:46
consistent solution that compriseg ;, Eg, and the carrier ; %u VCU)_:\/.‘
concentrations and p.15 We calculated the defect formation <0 n ]"

energiesAHp 4(Er, 1) according to Eq(1) for the intrinsic P equil. Eg , o equil Ep
V¢, and Iy, defects, as well as for the halogen donors, as a 0.0 0.5 10 00 0.5 1.0
function of Ex and of the chemical potentialSuc,, A, b Elevl B h E eVl K

Apse andA upaogenthat describe the chemical boundary CON- & Defect format _ function of Fermi legelf
ae . . e - . 2. efect rormation energies as a ftunction o ermi elTor
ditions. In the following, we discuss two specific choices of(a) “Cly, favored” (point P in Fig. 1) and (b) “Ing, favored” (point N)

these _Conditi0n31 where the correspondibg values are chemical potential conditions. The vertical arrow marks the equilibrium
given in Table I. Fermi energv(equil. E¢), calculated self-consistently far=800 K.
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" g —]c1} - 1QE|_ _IgEI_ present in only low concentrationaioger=2 X 10t cm3
§ 0100 axoteqn | F1S paxio®® s [Fig. 3b)]. In fact, ¢, =2x10°cm™= and c, =3
5 £ 10%f [Cig]fin F [Preef 12 F 1 [fingy 0 e 3 cally 7
3 Sqoof _“‘ | | inc . Cu X 10~ cm™ are practically equal to the concentrations ob-
g o |Ac| lacl lacl tained under Se-poor conditions without additional halogen
< §1o‘6§ J' F . . . doping, and show a high compensation ratio. The sample
) §10;Z_ Voulaxtol?| [ [Veuf2xt0'| [ |Vou[2x10" ends up being-type with a net donor concentration At
3 STOp 200 E 4000 L 4100 =10 cm3 [Fig. 3(b)]. In order to determine the resulting
—— ] ] 5] free electron concentration at room temperature, we perform
b £ g}gfﬁ Ingy1xt0'¢| mﬁmom EznowE“‘O“’ another self-consistent calculation, now 6300 K, but
g 3 Joisfsx's f’é‘g : IEI maintaining the total concentrations of|fandV,, obtained
3 o Ce 7] - n for 800 K. The calculated carrier concentration ris=2
® F F c F c _ . . .
st F F X 10* cm 3, meaning that only a relatively small fraction of
F §10;§: Vo, L v, L v, electrons are thermally activated into the conduction band.
£ 30 02 [ 3ao F ae® This is a consequence of the high compensation ratio and the

o ensuing very high tota(neutral+ionizedl concentration of
FIG. 3. Calculated defect concentrations inémt T=800 K for (8) *halo-  qonqrs. The calculated carrier concentration is somewhat be-

gen favored’(point P in Fig. 1) and(b) “In¢, favored” (pointN) conditions. | th f . tall b d elect
The black bars showing the doping balanke (see the tejtindicate a net ow 1he range ol experimenta g observed electron concen-
probably because of a

acceptor doping irfa), and a net donor doping ifb). trations 5x 10*°-1.5x 10" cmi3,
slight overestimation of the ionization energies within the
LDA supercell approach.
We conclude thati) the halogen incorporation is limited
chemical potential bounds imposed by precipitation of
Cu- and In-halides and, hence, halogen incorporation is over-
whelmed by the doping effect of the abundant intrinsic de-
fects Ins, and V¢, (ii) The formation of the intrinsic Ig,
double donor under Se-poor growth conditions results in net
n-type doping.(iii) Due to the low formation energy of the
compensating accepto¥c, even at Cu-rich conditions
mcu=0), a high degree of compensation will always be
present fom-type doping in CIS(iv) Under Se-poor condi-
tions, which simultaneously imply Cu- and In-rich condi-
tions, the Cu-site defect concentratidivg,, Inc,) are in the
10%° cmi 2 range[Fig. 3(b)], meaning that several percent of

for some Fermi levels above midgap, i.e., Br<0.6 eV . . S
. . ; . the Cu sites are not occupied by Cu. Thus, CIS is highly
[Fig. 2(b)]. Similar results are obtained for Br and | doping. non-stoichiometric Cu-poor even at this “Cu-ricki s,

Defect transition energies (Fig. 2Jhe solid dots in Fig. o
2 give the values of the Fermi energy at which the formation™ 0) growth condition.
energies of the different charge states are edUiakse “tran- This work was supported by DOE-EERE, under Grant
sition energies’(q/q’) are independent of the chemical po- o DEAC36-98-GO10337.
tentials and hence the same for Fig&)2and 2b).] We find
£(0/+)=Ec-0.06 eV, Ec-0.08 eV, andEc-0.05 eV for K. Ramanathan, F. S. Hasoon, S. Smith, D. L. Young, M. A. Contreras, P.
the halogen donors ClI, Br, and I, respectively. For the intrin- K. Johnson, A. O. Pudov, and J. R. Sites, J. Phys. Chem. S6#4d3495
sic Inc, double donor, we finde(0/+)=E--0.08 eV and 2(520&3Wasim Sol. Cellsi6, 2891986
e(+/++)=Ec-0.09 eV, for the mmnSIC\./Cl{ acceptor, We  3p vjigliorato, L. J. Shay, H. M. Kasper, and S. Wagner, J. Appl. PHs.
calculatede(0/-)=E,+0.02 eV. Thus, within the LDA su-  1777(1975.
percell approach, we find for all defects considered here shal*P. W. Yu, Y. S. Park, and J. T. Grant, Appl. Phys. Le28, 214 (1976.
ow levels that can be thermallyfonized. T Tk T T O A e
Defect concentrations (Fig. 3)Using T=800 K, the e . : " 16 -3 i
calculated concentrations for the “halogen favored” and thee;a_“gﬂn‘;fef"Afg”p(f_'”§h§§°{§?8°3f’r;°f(”2tg%‘§”s up 1 30° e
“Ing, favored” conditions are shown as a bar chart in ’s.B. zhang, S. H. Wei, and A. Zunger, Phys. Rev. L&@8, 4059(1997.
Figs. 3a) and 3b), respectively. Here, the doping balance, 8U. Rau and H. W. Schock, Appl. Phys. A: Mater. Sci. Proce&$,. 131

.g.,Ac=cq_ +2¢,,  —Cy_ for Cl-doping, indi whether (1999
€..,AC=Cey + 2Cin = Cy,, for Cl-doping, indicates whethe °S. Lany and A. Zunger, Phys. Rev. Le@3, 156404(2004).

net qonor dopingAc>0) or n_et accep_tc_)r dOpiIleSC<O) IS 199 |hm, A, Zunger, and M. L. Cohen, J. Phys.X2, 4409(1979.
obtained under the respective conditiofisc, is a double  “G. Kresse and J. Furthmiiller, Comput. Mater. %i15(1996; G. Kresse
donor and, accordingly contributes;?. to Ac). We see that and J. Joubert, Phys. Rev. 89, 1758(1999.

. Cu 12 . . .-
under “halogen favored” condltlor{§|g. 3(a)]’ the halogen ﬁglélg)lechtenstem, V. I. Anisimov, and J. Zaane, Phys. Re\oB R5468
donors have concentrations of aboutl@m™, but are over- 3G "pakov and M. C. Payne, Phys. Rev. &, 4014(1995.
compensated by Cu vacancies. The sample ends up beilfr. Persson, Y. J. Zhao, S. Lany, and A. Zungerpublishedl

p-type with net acceptor concentrations in thel1€m™3 Binstead of using the simplification-p=exp(-E4/kT), as used in most
range[cf. Fig. 3a)]. textbook examples, the Fermi—Dirac distribution function is integrated nu-

u » e . merically to obtaim andp. Accordingly, there is no assumption necessary
Under the “In,, favored” conditions, we find that the that E is separated from the band edgesAfs KT,

concentrations of the intrinsic defects;jrandVc, are prac- 1% m. Gabor, J. R. Tuttle, D. S. Albin, M. A. Contreras, R Noufi, and A.
tically independent on the type of the halogen dopant, beirig M. Hermann, Appl. Phys. Lett65, 198{1994.

Defect formation energies (Fig. Zyor Fermi energies in
the upper part of the band gap and halogen favored cond'By
tions [Fig. 2(@)], we see that the formation energies of the
halogen donors are lower than that of themonor, but
higher than that of the compensating acceptgr. Under the
Inc, favored condition$Fig. 2(b)], the formation energies of
the halogen donors are always higher than that gf, land
higher thanAH of V, for most Fermi energies. The high
formation energies of the halogen donors are a result of the
In-rich conditions, under which, e.guc, is reduced accord-
ing to constraint(2) by almost 1.74 eV with respect to Cl
(Table )). Importantly for the possibility to obtaim-type
conditions,AH of In¢, is lower thanAH of the acceptol,



