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Using a first-principles band structure method we have theoretically studied the effects of Ga
additions on the electronic and structural properties of Cuyln®& find that(i) with increasing

Xaa, the valence band maximum of CylnGaSe, (CIGS) decreases slightly, while the conduction

band minimum(and the band gapof CIGS increases significantlyiji) the acceptor formation
energies are similar in both CulnSEIS) and CuGaSg(CGS), but the donor formation energy is

larger in CGS than in CISjii ) the acceptor transition levels are shallower in CGS than in CIS, but
the Gg, donor level in CGS is much deeper than thg,ldonor level in CIS, andiv) the stability

domain of the chalcopyrite phase increases with respect to ordered defect compounds. Our results
are compared with available experimental observations.1998 American Institute of Physics.
[S0003-695(98)02924-9

Because CulnS€gCIS) has a band gap of only 1 eV,  Culn,_,GaSe. We use the self-consistent local density
i.e., lower than the ideal value for photovoltaic solar cells, itapproacH-,Z as implemented via the linearized augmented
has been suggestetithat Ga addition to Culn$eforming  plan wave method Details of the method are described in
the Culn - ,GaSe, (CIGS) alloy, will raise the gap, and thus Ref. 14. We find the following changes.
increase the open circuit voltage. At present, the best (1) Change in band gap upon Ga addition. We calculated
CulnSe solar cells are made withk<30% CuGaSg the bowing parameter by comparing the band gap of
(CGS.?’Y4 However, the effects of Ga additions remain LIneX-CL”r]oli_,’(;aO.SSe2 a”oy (represented by the “Specia| quasiran_
plained. Over the years, the following experimental evidencjom structures’®) to the average of the gaps of Culn%ad
has been accumulated regarding the effects of Ga additioguGase Our calculated value i©=0.21¢€V, in good

into CulnSe. _ _ agreement with the measured vallbes0.15-0.24 e\2 The
(1) The band gap increases according to band gap increase upon Ga addition contributes to the in-
E4(X)=(1—X)E4(CIS) + XEo(CGS —bx(1—x) creasedV,.. It is interesting to note that the bowing coeffi-

. ) A8 cient of Culn_,GaSe is only about half of that for
with a measured bowing coefficient that depends on grOWthI-nl_xGa(As alloy (b=0.47 eV) 1 This is mainly due to the

The most reproducible values 5’?‘*: 0.15-0.24eV. fact that in Culp_,GaSe, when In is replaced by Ga, only
(2) The hole concentration in the stoichiometric 1:1:2 ot of the cations are affected, while inyInGaAs all cat-
compound (denoting the ratio of LIIV) increases jgns are affected by the substitution
. . 7 y
significantly: (2) Band offset between CuGaS€ulnSe. The offset

€©) T_he stabi_lity domain _of the 1:1:2 comp(_)und in the AE, between the valence band maxif\@8M) of CIS and
phase diagram increases, i.e., the chalcopyrite phase bgws js calculated using the method described in Ref. 6. We
comes more stable, while the 1:3:5 ordered defect comying that the unstrainedE, , i.e., when CIS and CGS each
pounds(ODC) Cu(In, -,Gg,)3Se; now have a narrower do- paye their own equilibrium lattice constants, is only 0.04 eV.
main of existence in the phase diagrém. o Thus, the conduction band minimu@BM) of CGS is about

(4) As xgq increases from zero, the open circuit voltage g eV higher than that of CIS. The phenomenological “dop-
V. increases, whereas the short circuit curkkptiecreases. ing limit rule” 1 states that materials whose absolute CBM
Initially, the cell efficiency increasesHowever, whenx (VBM) energies, i.e., relative to a fixed reference energy
>0.3, the following happens: the cell efficiency drops off, |ovel such as vacuum, highéower) than a fixed Fermi pin-
unless special manipulations are us®dnd the 1:1:2 phase ning levelsE! (E®)) will have restrictedn-type (p-type)
can no longer be made type. It has been suggestédhat dopability. The calculated E, suggests thap-type doping
the reason for performance deterioratiorxat0.3 is related i, |5 and CGS should be similar, whitetype doping is
to strain, i.e., that the lattice mismatch between the 1:1:2 ang, 5.« difficult in CGS than in CIS.

1:3:5 phases at the mterface mc.reasex@a?QS, causing (3) Change in single defect formation energies upon Ga
structural defects. We will test this hypothesis below. — gqqition. We model a defect by placing it at the center of an
- (5 The bf‘lnd gap differencBq(1:3:5)~E4(1:1:2) is  4pificially large unit cell containingN units of CIGS and
mdepenQeﬁf" of Xga- ) impose periodic boundary conditions on this “supercéft”.

In this letter we theoretically study the effects of Ga 5| a3tomsa (\=Cu, Ga, In, and Senside the supercell are
additions on the electronic and structural properties Ofg|axed to minimize the total energy. The defect formation
energyAH;(«,q) of defecte, e.g., vacancy or antisite, in
3Electronic mail: shw@sst.nrel.gov charge statg depends on the Fermi energy as well as on
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TABLE |. Components of the calculated point defect formation energiesTABLE II. Calculated defect transition levelg,(q/q’) [Eq. (2)] in

AH(a,q) [see Eq(1)] in CuGaSe and CulnSg CuGaSeand CulnSg The acceptor levels are measured from VBM energy
Ey , while the donor levels are measured from CBM endfgy Energy is
AE(a,q) (eV) in eVv.
Defecta CGS M=Ga) CIS M=In) Ncy Nm q Defect CGS CIS
VocU 0.66 0.60 1 0 0 Defecta level (M=Ga) (M=In)
Veu 0.67 0.63 +1 o -1 Vey (—10) Ey+0.01 Ey+0.03
Vi 2.83 3.04 0 +1 0 Vi (—/0) Ey+0.19 Ey+0.17
V2M 3.02 321 0 +1 -1 Vi (2—/-) E,+0.38 Ey+0.41
Vi 3.40 3.62 0 +1 -2 Vu (3—-/2-) Ey+0.66 Ey+0.67
Vi 4.06 4.29 0 +1 -3
Cuy (—10) Ey+0.29 Ey+0.29
C&) 141 1.54 -1 +1 0 Cuy (2-1-) Ey+0.61 E,+0.58
Cuy, 1.70 1.83 -1 +1 -1
CUy 2.33 2.41 -1 +1 -2 Mey (0/+) Ec—0.49 Ec—0.25
My (+/2+) Ec—0.69 Ec—0.34
M2, 2.04 1.85 1 -1 +2
M, 3.03 2.55 +1 -1 +1 Cy (0/+) Ec—0.21 Ec—0.20
M2, 4.22 3.34 1 -1 0
cy’ 1.91 2.04 -1 0 +1
cw 3.38 2.88 -1 0 0 so far as lll-on-1 antisite defects contribute motypeness,

CGS will be less type than CIS. The reasons for the deeper
Ga, donor levels are twofold(1l) Ga is a smaller atom than
thechemical potentialg:, and the number of atom, trans-  In, so lattice compression pushes its CBM upward more than
ferred from the supercell to the chemical reservoir in formingit pushes the defect level, thus deepening the defect level,
the defect cell. In CIGS, neglecting Se-related defects, and (2) the wave function of Gg, and In, antisite defects

_ has ans character and is localized on the group Ill atom.
AHi(a,0)=AE(a.0) + Newseut Noatteat Ninttin T der 1)  Since the Ga @ atomic orbital energy is about 0.7 eV

_ lower'” than the In 5 orbital energy, the Gg is deeper than

where theAE(«,q) for CGS are compared with the results {ne ., Our results above indicate that, since there are more
for CIS in Table I. Since the calculation for CuGaSmd  pjes (shallower acceptoysand fewer compensating elec-
CulnSg are done on the same footing, the enedgjerence  ons(deep donorsin CGS than in CIS, the hole density in

between the results for CGS and CIS are more accurate the&bs is expected to be higher than in CIS, as has been ob-
the absolute values. We see that the calculated defect form@érved experimentall§.Furthermore becau'se of the diffi-

tion energiesAE(a,q) of single acceptor defects (V¢,,
Vga, and Cip) in CGS are similafwithin experimental and
theoretical accuragyto their counterparts in CIS, so the ac-
ceptor density is expected to be similar in both CGS an
CIS. However, the calculated formation energies of singl
donor defects (G, CWY) in CGS are larger than their coun-
terparts in CIS aje, = 3", so the donor density in CGS is
expected to be lower in CGS than in CIS under similar

growth copditions. The Iarge formation energy of the-(ia tion. We have previously showhthat ordered defect com-
CGS relative to Ig, in CIS is mainly due to the Iarggr band ounds in CIS result from the unusual stability of a special
gap of CGS compared to CIS and the larger cohesive energ&efect pair: I+ 2Vg, (tWo Cu vacancies next to an In-
of Ga metal relative to In metal. The differences in the for- NG cu

mation energy of the Gain CGS relative to Ia, in CIS are on-Cu antisitg A periodic spatial repetition of this pair
reduced when the defects are charged u gives the ordered defect compounds. The formation energy

(4) Change in point-defect energy levels upon Ga addi-haS the following contributions:

tion. The defect transition energy level(g/q’) is the Fermi (@) Formation of neutral 2¢. plus neutral I§, (or G&,),

culty of n-type doping of CGS and its ordered defect com-
pounds, thgp—n junction in a CIGS solar cell with high Ga
(ioncentration is shifted towards the interface between CIGS

nd a window material, e.g., Cd8The increased roughness
%t the CIGS/CdS heterojunction interfag@@mpared to the
homojunction interface between CIGS/OP€an increase
minority carrier recombination, thus redudg..

(5) Change in the stability of defect pairs upon Ga addi-

energy in Eq(1) at which the formation energ§E(«,q) of without interaction between the defects. If the elemental

defecta of chargeq is equal to that of defeck in another solids are used as chemical reser#dim CIS this step

chargeq’, i.e., costs 4.5 eV, while in CGS it costs 5.5 eV.
€,(0/9")=[AE(a,q)—AE(a,q9")]/(q' —q). (20  (b) The energy lowering due to the transfer of two electrons

N from the I}, (or G&,) donor to the %2, acceptor. In
Table Il compares our calculated defect transition energy cjs this step gives—1.4 eV, while in CGS it gives

levels in CuGaSgwith the corresponding transition energy ~ _5 2 ay/.

levels in CulnSg We see that the acceptor levels /0), . .
(2—/-), and (3-/2—) in CGS are similar tdor slightly (c) The Coulomb attraction between the ensuing charged

In2! (or G&!) and 2V,. In both CIS and CGS this step

shallower thajthat in CIS, suggesting slightly more holes in X
gives—2.5eV.

CGS. However, we find that the Gaantisite donor levels
are much deeper than those of thgJdonor levels. Thus, in  (d) The energy lowering due to atomic relaxation accompa-



Appl. Phys. Lett., Vol. 72, No. 24, 15 June 1998 Wei, Zhang, and Zunger 3201

sal @ | tween 1:1:2 and ODC phases. The calculated band gap dif-
’ ferencesEy(1:3:5)—E4(1:1:2) are0.24 eV for CIS and
only 0.07 eV for CGS. The smaller band gap increase in
3@ 57 2 CGS than in CIS is due to the significant lowering of the
= 1:3:5 CGS conduction band minimu(for the same reason
56 1:35 3 that the Ga, donor states are deep relative to CBM in QGS
However, experimental measureméfts show that the dif-
55 ) 550 A ference is~0.2 eV and is nearly independent of the Ga con-

centration in CIGS. It is not clear whether this difference
with respect to theory reflects a structural change in Ga-rich

FIG. 1. Calculated lattice mismatch between the 1:1:2 and 1:3:5 phases as@DCs!! Further investigations are needed to solve this dis-
function of Ga compositiom. The results are projected ¢a) the[110] and crepancy

(b) the[112] directions.

In X Ga In X Ga
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