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n-type but the wider-gap

The wider-gap members of a semiconductor series such as diam8ing Ge or AIN— GaN
—InN often cannot be dopeattype at equilibrium. We study theoretically if this is the case in the
chalcopyrite family CuGaSe- CulnSeg, finding that:(i) Bulk CulnSeg (CIS, Eg=1.04 eVj can be
doped at equilibriunn-type either by Cd or Cl, but bulk CuGaSECGS,Ey=1.68 e\j cannot;(ii)
result (i) is primarily because the Cu-vacancy pins the Fermi level in CGS farther below the
conduction band minimum than it does in CIS, as explained by the “doping limit r(ley"Cd
doping is better than Cl doping, in that &dyields in CIS a higher net donor concentration than
Clgg and(iv) in general, the system shows massive compensation of accépiysV,) and
donors(Clge, Cdyy, Ingy). © 2004 American Institute of Physid®OIl: 10.1063/1.1830074

Solar cells based on Culngare highly successfulap-  equilibrium: It shows that\AH of ionized donorgg>0) in-
proaching 20% efficien()y1L even in polycrystalline form, be- creasesasEg rises in the gap, since electrons addedto

cause of their remarkable electronic tolerance to a high corthe Fermi reservoir, whereasH of ionized acceptorgq
Centl’ation Of StOiChiometI’iC defeétand to the presence Of <0) decreasegs EF rises in the gap, Since e|ectrons are

surprisingly benigh grain boundaries. To achieve higher ef- omovedfrom the Fermi reservoir. The third term describes

ficiegc;es,h however, wi%g(;—gapb ‘?‘bSOfﬁef. matfe;i:als gr?he chemical reservoir in equilibrium, where the chemical
needed, the primary candidate being alloying of CuGaSey o ntial i =A . -+ 4 ™ of the atomic species: is given

(CGS,E4=1.68 eV at room temperatyreto CulnSe (CIS, : o
Ey,=1.04 eV). However, the device need for a region of nor- with respect to the elemental phasecofWe see that\H of

mally p-type absorber becoming-type (‘type inversion) Cu vacanciedncreasesas the Cu chemical potentialc,

poses a severe restriction on alloying CIS with CGS, for!S€S since Fhe removed Cu atoms adeied(n,J:-fl) .to the
while CIS can be made-type (via Inq,,* Zne, and Cah,>® Cu reservoir; on the other handH of Cd substitutionde-
ur ur

or Cls.)), it proved difficult to do so for CG “10The diffi.  creasesas ucgq rises since the incorpprated Cd atoms are
culty to n-dope CGS is another example of the generafémovedn,=-1)from the Cd reservoir. _ _
trend™*? that wider-gap members of a semiconductor series  Figure 1 details for chalcopyrites the basic “doping
often resis-type doping. Well-known exampl&sbeing the rules™ for n-type doping either via cation-site or anion-site
difficulty to n-dope diamond, but not Si or Ge; the difficulty substitution. These rules determine which growth conditions,
to n-dope AIN, but not GaN or InN, etc. It was recently according to Eq(1), minimize the formation energie$H of
discovered*? (“doping-limit rule”) that on a fundamental wanted defects, and maximizeH of unwanted defects. We
level this trend reflects the position of a material-intrinsicjllustrate in the following these rules for Cd doping of CIS:
“n-type pinning level’EgP", rather than the band gap itself. (1) Solubility. Maximal incorporation of Cd into the CIS lat-

Using first-principles total energy calculatiotiswe study tice requires lowerings\H[Cde,]. This means, according to
here the microscopic mechanism limitimgtype doping in
CGS/CIS. We consider both cation-site donorsc£éend

anion-site donors Gl

Anlon-site doping

Cation-site doping

We start by describing qualitatively the appropriate dop- (e.-CIS: CI) (e.g. CIS : Cd)
ing rules™ They are based on the observation that the con- (1)Tolm;:ltiimize dopant | « Dopant-rich « Dopant-rich
centrations of either intrinsic defects suchzsV,, Ing, or solubllity use: « Anion-poor * Cu-poor

of dopant impuritiesD=Cd, or Clg, depend on their for-

(2) Competing phases

Dopant + host-cation

Dopant + host-anion

. X : .g- CuCl, InCl .g. CdSe
mation energiedHp, , for charge state], and that the latter are (¢ - ) e )

! . . . To reduce effect use: | » Cation-poor * Anion-poor
depends both on Fermi levEl and the chemical potentials (=Anion-rich) {=Cation-rich)
A, of all speciesa present: (3) Etectron-kifler is: | vy~ Voo~

To minimize electron | e Cu-rich ¢ Cu-rich
- Killers V. :
AHp (B, p) = (Ep g~ Ey) +q(Ey + Ef) + 2 Nobtye (1) 11 You use
o (4) Assisting intrinsic Inc 2+ eyt
" u Cu
defect is:
The first term is the change in total energy due to the defect ITo maximize assisting| e In-rich * In-rich
formation calculated here as a total-energy difference of a neu use: * Gu-poor * Gu-poor

large supercell with versus without the defect; all atoms are
relaxed. The second term describes the carrier reservoir in

¥present address: Royal Institute of Technology, SE-100 44 Stockholm,
Sweden.
PElectronic mail: alex_zunger@nrel.gov
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(5) "wrong site” defects
are:

To minimize “wrong
site" defects use:

Cdgyt vs. Cdin~

* Cu-poor
® In-rich

© 2004 American Institute of Physics

FIG. 1. n-type doping rules. The terms “anion” and “cation” refer to ket
atoms: Cu, In, Ga, and Se.
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18F Cu - (Ga . . . -
= E 5101 E [Clsgl [0 $ the concentration of ¥, requires Cu-rich growth conditions
g 14E [Clsd C |Ac| (Auc,=0).
5 Ac | E 2 (4) Assisting defectsThe antisite I§;, or Ga, is a (double
«é’ 18F Vou - [Vou Tgi donor which, when formed, assists the intendefpe dop-
8 »f 3x10%0 E 400 10 8 ing. By Eq.(2), its formation energ)AH[InZ] is lowered as

the Fermi energy moves down in the gap. At the Fermi en-

FIG. 2. (a) Clgeand related defect formation energies in CIS and CGS under, n,comp ; . . e
growth conditions favorable fon-type doping(point N in Fig. 4). The ergy qenOte_dEF . '”_F'Q- 2 we haveAH[VCu]_AH[lnC !
arrows show the Fermi energy where the concentrations of the charge@t Which point the intrinsic acceptors tend to compensate the

defects are balancedzp®™ (AH[V¢ ]=AH[In&]), and the maximum intrinsic donorgsee Fig. 2a)]. For successfuli-type doping,
Fermi energyEZP" (AH[V,]=0). The vertical line indicates the self- ERF™ needs to be as high as possible in the gap. This re-
conS{stenIy calculated qulllbrlum Fermi energ§ at T=8.00 K. (b) The quires Cu-poor and In-rich conditions; i.e., lofyuc, and
ensuing defect concentrations under these growth condititn800 K). high A, Figure 2 shows that the energy to formujrin

CIS is much lower than the energy to form &an CGS.
This reflects the larger gap of CGS, and leads to fawigipe
assisting defects in CGS.

(5) Wrong-site substitutiam-type doping by divalent cation
requires Cd-on-Cu substitutiga donoy, but is hampered by
Cd-on-In substitution(an acceptor Thus, one needs low
AH(Cd.,) (low Auc,) and highAH(Cd,) (high Aw,). The

(3) Killer defects The Cu vacancy ¥, is an acceptor, which Fermi level denote(fgsne in Fig. 3a) is the point where
compensates the intended donor doping. By @3).its for-  AH[Cd ]=AH[Cd},]. For successfuh-type doping, EFS"
mation energ)AH[V&u] is lowered as the Fermi enel’gy rises needs to be as h|gh as possib|e in the gap.

in the band gap. At the Fermi energy denotedEd$" in In order to study the limitations ofi-type doping, we
Figs. 2 and 3, wheraH[V,]=0, any further donor doping first determine the optimum growth conditions foftype

is compensated by the spontaneous formation gf Wigs.  doping in CIS and CGS. We note that, considering a broad
2(a) and 3a)]. For successful dopingrP" needs to be as range of chemical potentials, rulg¢$)—(5) impose intrinsi-
high as possible in the gap. This requirement of minimizingcally conflicting requirements; for example, the Cu-rich con-
ditions required by rulg3) conflict with rules(1), (4), and
(5) in case of Cd doping. However, only a limited range of

Eq. (1), Cu-poor(i.e., low Auc,) and dopant-ricki.e., maxi-
mal Aucg) growth conditions.

(2) Competing phasesThe formation of unwanted dopant-
host atom compounds, such as CdSe, lowgrg,y,nby con-
suming Cd. To maintain maximal ucq needed in rulgl),
one needs host-anion-poor conditions, i.e., g,

o—
1)
~—
o
(7]
(2]
Q

S 3r i chemical potentials of the host atoms is allowed thermody-

| gﬁ.‘_-," namically. Figure 4 shows the phase stability diagram of CIS

50 2k ' and CGS, where the outer triangle corresponds to all\the

- I Er'1.site values that satisfy the stability condition for CIS, that is,

5 13% Apcut Apn+2Ause= AH{CuInSg], where AH{CulnSg]

® 9 c - i is the calculated compound formation energy of CIS. The

2 {Cu ! np4|\n- real allowed rangéshaded area in Fig.)%&f the Aw is fur-

gk o ther narrowed by the formation of competing compounds

5 00 05 1000 05 1.0 15 )

C £ E.reVl E. E Ec [eV E that can form from the host atoms; for example CuSe and
v EpleV] Lo &y F [eV] c . ) : X

(b) 2 ’ In,Se;. In addition, the maximum dopant c_hemlcal potential

o ZEBA0Tq019 o FTMO depends on the host chemical potentials; for example,

E 18; Cdoy m 5x10 Cdcy 2106 ‘é’ _A,qu+A,uSes AHf[Cde_ is_ required t_)y rule(2_). Taking

P F - Gae 1ac] | = into account these restrictions and using maxitaly un-

5 ‘4: - cy lAc] der these restrictions, we find that maximally Se-poor condi-

3 HE Ac | £ 2 tions (denoted “pointN” in Fig. 4), fulfill all requirements in

8 18F [cdi, Ve E (Cdgs 8 bvers 5 case of Cd-doping(1) AH[Cdc,] is minimal; (2) Aucq is

> 22§2X1020 7X1u020 23101 mlémx 3 maximal as allowed byAucq+Ause<AH{CdSd; (3)

AH[V, is maximal; (4) AH[Ing,] is minimal; and (5)
AH[Cd,] is minimal andAH[Cd,,] is maximal. Thus, these
Se-poor conditions satisfy all doping rulék)—5), and re-
solve the conflicts indicated by the broader chemical poten-

FIG. 3. (8 Cdg, and related defect formation energies under “padiit
growth conditionsEE* indicates the Fermi energy whetéi of the donor
Cdt, and the accentor GACdS ) intersect(h) The ensuing calculated de-
fect concentrations at=800 K.



5862 Appl. Phys. Lett., Vol. 85, No. 24, 13 December 2004 Zhao et al.

tial range of Fig. 1. The “poinN” conditions are defined by x 10'® cm3]. Note that the contribution of Glto the netAc
Apcy=0, Apy,=-0.07 eV, andAuge=-0.83 eV in CIS, and is rather small. Figure (8 showsAHp versusgg for Cd
by Awpc,=0, Apuga=-0.21 eV, andAuss=—0.86 eV. The dopingin CIS and CGS, again under “poNt growth con-
maximal Cd chemical potentials under these conditions arditions. We see that the equilibrium Fermi level lies higher in
Apcg=—0.21 eVin CIS, and ucyg=-0.18 eV in CGS. Inthe the gap compared to Cl. The corresponding defect concen-
case of anion doping, some of the conflicting requirementsrations[Fig. 3b)] in CGS show, despite the highEg, still
noted in Fig. 1 do remain: for example, rui@s, (2), and(4)  a negative doping balanasc=-1x 108 cm3, indicating a
conflict even if we consider the restricted chemical potentiahetacceptorexcess and the failure oftype doping. In CIS,
range(shaded area in Fig.)4For Cl doping, the best growth Cd doping yields a higher net donor concentratjdit=5
conditions are also those described by “pdiitin Fig. 4, X 10* cmi® (Ref. 20] than CI doping[Fig. 3(b)]. We also
minimizing AH of Inc, according to rule(4). Under these see from Figs. @) and 3b) that a high compensation ratio is
conditions, the maximal Cl chemical potentials are limitedpresent in all cases; that isc is much lower than the total
by InCl and Ga({ formation(Auc=-1.74 eV in CIS, and defect concentration. It is also noted that the defect concen-
Auci=—1.47 eV in CGS, given with respect to the diatomic trations depend strongly on growth temperature; for ex-
Cl molecule; that iS/,L?:I|em=%[.LC|2). In the following, we con- ample, for CIS grown under “poin” conditions without
sider only the “pointN” growth conditions, which corre- extrinsic dopants, Ac increases from %10 to 7
spond to Cu-richequilibrium with metallic Cy, In- or Ga- X 10*® cm whenT (growth) increases from 800 to 1000 K.
rich (equilibrium with InSe or GaSeand Se-poor. At the same time, the calculated electron density at 300 K

AHp are determined from Eq1), where total energies increases from 2 10* to 5x 10 cm™ as the growth tem-
are calculated within a fully relaxed 64-atom supercell ap{perature increases from 800 to 1000 K.
proach, wusing the pseudopotential-momentum space In conclusion, in CIS, Cd doping outperforms Cl doping,
formalism’* projector augmented wave potentfdland the vyielding a higher electron concentration. In CGS, however,
local density approximatio(LDA). The underestimate of the n-type doping under equilibrium conditions is achieved nei-
CIS and CGS band gap in the LDA has been remedied byher by Cl nor Cd doping, sinaetype doping is intrinsically
adjusting both the energy of the VBIE,) and that of the hampered by the low formation energy of the electron-killer
conduction band minimur(Ec). Here,E,, is shifted down by V.
using the LDA+U method® which corrects for the un- _
derbinding of the Cud electrons by fitting U to place the This work was supported by US DOE-EERE, under
Cu-d band at the photoemission vallig-2.5 eV, whereas Crant No. DEAC36-98-GO10337.
Ec is shifted up by the remaining band-gap error.' In addition, , Ramanathan, M. A. Contreras, C. L. Perkins, S. Asher, F. S. Hasoon, J
the total ener_gles have been _Corrected for_c_ell-sme-dependen eane, D. Your;g, M. Romero, W Metzger, R Noufi, J'. Ward, and A
effects, as will be described in more detail in a forthcoming pyga, Prog. Photovoltaica1, 225 (2003.
papeﬁ7 We do not use the truncated multipole expansion of 2s. B. Zhang, S. H. Wei, and A. Zunger, Phys. Rev. L@8, 4059(1997.
Ref. 18 for image charge correction. iC. Persson and A. Zunger, Phys. Rev. L&, 266401(2003.
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self-consistently calculated defect concentrations, we definetivity was only possible because this doping method constitutes a “highly
the “net doping balance&c:cc,s; Zc,nCu—c\,Cu in case of Cl 11nonequilibrium experiment.
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conditions, while Fig. &) shows the ensuing equilibrium (1995.
defect concentrations af=800 K. We see that in CIS, C.Ppersson, Y. J. Zhao, S. Lany, and A. Zungerpublishedl
Ex ™ and EFP" both lie in the upper part of the band gap. |G- Makov and M. C. Payne, Phys. Rev. &, 4014(1995, .
Thus, a net donor dopingc>0 can be achieved in CIS as |\A/|' ﬂe?rr?:r?; JA-pR;-I ng‘z Eéﬁé?'i’&?{'@@f’”"era& R. Noufi, and A.
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shown n Fig. Za)éoﬁg— 1x g-gt cm. In contrast, in CGS_' 2 case of Cd-doping of CIS, using a Cd chemical potential corresponding
the pOSIt!OnS oEp andEp are Clos?r to the VBM. This {5 equilibrium with CdSe results in undesirably high Cd incorporation.
results in a netacceptor doping [Fig. 2b); Ac=-5 Therefore, we used here a slightly lowgq (by 0.2 V).



