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We found theoretically that Na has three effects on Cun®® If available in stoichiometric
quantities, Na will replace Cu, forming a more stable Naln&empound having a larger band gap
(higher open-circuit voltageand a (112).,, morphology. The ensuing alloy Nau, _,InSe has,
however, a positive mixing enthalpy, so Nalp8ell phase separate, forming precipitaté®d. When
available in small quantities, Na will form defect on Cu site and In site. Na on Cu site does not
create electric levels in the band gap, while Na on In site creates acceptor levels that are shallower
than Cy,. The formation energy of Na.,) is very exothermic, therefore, the major effect of Na is

the elimination of the g, defects and the resulting increase of the effective hole densities. The
quenching of Ig, as well asV¢, by Na reduces the stability of the Y2+ Inéﬁ), thus suppressing

the formation of the “Ordered Defect Compoundg3) Na on the surface of Culn$é known to
catalyze the dissociation of 0nto atomic oxygen that substitutes Se vaca(syallow donorg
converting them into @ We find, however, that § is an (isovalen} deeprather than shallow
acceptor. We also find that having removed the donors, O atoms in GUim&eCu,0 and IR0,
compounds, and phase separate, forming precipitates at the surfaces and grain boundaries. Our
results are compared with previous models and provide new insights into the defect physics of Na
in CIS. © 1999 American Institute of Physids$s0021-897¢9)07010-3

I. INTRODUCTION (i) The Inc, model: Contreraset al}® suggest that the
increase of the effective acceptor concentration is due to the
It has been observed that CylnGaSe (CIGS solar  elimination of the compensating antisite donor defegt,In
cells containing small amounts of Na achieve higher effi- (i) The Na, model: Niles et al® suggest that the in-
ciencies compared to those without N4.The most signifi-  creases in acceptor concentration in the presence of Na could
cant effects arei(a) increased hole densfty? and film be due to direct creation of acceptors such as antisite
conductivity® and (b) suppression of the formation of the defect® '8 Na,..
“ordered defect compound’(ODC).g'10 Other, more inci- Using first-principles total energy and band structure
dental effects were seen as well, e.g., improved film mormethod, we have studied theoretically the Na-induced effects
phology, orientation, and grain sizeé8'*®increased unifor- in CulnSe. We calculated the ground state properties of
mity of photocurrents and short-circuit currértigher open  NainSeg, CulnSe, and their alloys and related binary com-
circuit voltage?®**2and higher fill factoré!'? Substantial pounds. We also calculated the formation energies and the
efforts have been invested to model the role of Na in CiGstransition energy levels for a number of point defectsgiNa
For example, Caheat al,® Ruckhet al® and Nakadat al* ~ Nan, Vse: and Qcin CulnSg. We thus clarify modelsi)—

suggested that the increase in the open circuit voltage is &) ©n the Na-induced increase in hole density and explain
consequence of a higher effective acceptor concentration'€ SuPPression of ordered defect compounds in the presence

Three models have been proposed to account for the increaggNa'
in the hole density:

(i) The oxygen modelCahenet al® and Ruckhet al® Il. METHOD OF CALCULATION
suggested that the increase in the hole density is due to the
neutralization of donor-like Se vacanci¥g, through an en-
hanced chemisorption of oxygen atom in the presence
sodium>® Thus, in their model the Na-induced effects on
CIGS are a consequence of oxidation. This assumption w
further promoted by Kronilet al}* who suggest that surface
(including grain boundapyformation in CIGS is accompa-
nied by the formation of surface Se vacancies which ar
electrically active donors. When oxygen substitutés, it
forms Qs which, in their model is a shallow acceptor at
about~130 meV. Na merely catalyzes,@issociation, thus
supplying the needed atomic oxygen.

The method used in this study was described in Ref. 19.
0lflere, we only mention some of its salient features.

Defect calculations are performed by placing the point
defect at a center of an artificially large unit cell containing
N molecules of CulnSe We then impose periodic boundary
conditions on this “supercell” so that the Schrodinger equa-
tion for this system can be solved using standard band struc-
Sure methods. The unphysical defect—defect interaction be-
tween adjacent supercells is reduced by increadig
systematicallfN=8 is used in the present calculatjoithe
Schralinger equation solved self-consistently includes inter-
action between the electrof€oulomb, exchange, and cor-
relation as well as interactions between the electrons and the
3Electronic mail: shw@nrel.gov nuclei, and interactions between the nuclei. Atoms are dis-
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placed until the quantum-mechanical forces vanish, thus Na-poor; In-tich . (eV) Na-rich; In-rich
yielding the equilibrium geometry. At this point, we compute _L_O 30 20 10 0_4

the total energyE(a,q) for a cell containing the relaxed (a)
defecta in charge statg. We also compute the total energy
E(CulnSe) for the same supercell in the absence of the
defect. From these quantities we calculate tdeféect forma-

tion energy AH{(«,q). It depends ol the Fermi energy

er as well as on the atomic chemical potentigls. The

reason tha\H; depends on the chemical potentials is that in s
forming a defect, the atom is transferred to or from a chemi- 2
cal reservoir that has a characteristic energy called the =
chemical potentialw;. Similarly, the reason thahH; de-
pends on the Fermi energy is that in forming a charged de-
fect, the electron is transferred to or from a electron reservoir
whose energy i&r. In CulnSe:

AH¢(@,q)=AE(a,q) + Neyitcyt NinktinT Nsetse Na-rich; In-poor c

+Nxux+geg, (1) Cu-poor; In-rich Heu(eV) Cu-rich; In-rich

where -E.o -1.5 -1.0 0.5 0.

AE(a,q)=E(a,q) ~ E(CUINSQ) + Neyud, + Nyl ® T 1 T

B A oo
+ Nt §et N+ GEy . 2

Here, ee=€e2—Ey (“a’ denotes absolute valugss the
Fermi energy of the electrons referenced to the valence banc —105
maximum(VBM) of CulnSe. u;=u?— u? is the chemical In;Seq
potential of constituentrelative to its chemical potentizﬂ? Culn,Se, 40 g
in the stable phasglemental solids for Cu, In, Se, Na, and £
diatomic molecule for @. The n's are the numbers of Cu, Culn;Ses =
In, Se atoms or the impuritgX=Na or O atoms, andj is Cusln Ser, .45
the the number of electrons, transferred from the supercell to CulnSe,
the reservoir in forming the defect celt.g., for theNa,,* A
defect,ny,=—1, nj,=1, g=—1, and others are nyll Cu,Se ) 120

The “defect transition energy levele,(q/q’) is the Cu-rich; In-poor ©

ZGI’mI ener?):;':f In Eq'f(lr)] at Wh.ICh thel formhatlo? ene;gy FIG. 1. The calculated stability triangle &) the Na—In—Se systems in the
H¢(a,q) of defecta of chargeq is equal to that of another Unasun Plane and(b) the Cu—In—Se systems in thes,,w, plane. The

chargeq’ of the same defect, i.e., dashed line in@) gives the boundaryy,=—1.9 eV. Under thermal equi-
, , , librium between CulnSeand NalnSg uy.<—1.9 eV [Eq. (6)]. Note the
€,(0/q")=[AE(a,q)—AE(a,q9")]/(q9"—Qq). 3 different energy scale ifg) and (b). "

For examplee,(0/+) is a donor level. Where, is below
€,(0/+) the defecta is positively charged. Wher is
abovee,,(0/+) the defectw is neutral. Similarlye,(—/0) is
an acceptor level. Whest is belowe, (—/0) the defec is
neutral, while defecte is negatively charged whesg is AH;(Cu,Se=—-0.3 eV; (Cak, structure,

abovee, (—/0).

There are some thermodynamic limftso u; ande- e AH¢(In,Sey)=—2.1 eV; (cubic structurg.® (4)
is bound between the valence band maximbgmand the
conduction band minimuri., andu; are bound by(i) the
values that will cause precipitation of solid elemental Cu, In,
and Se, squ;<0, (ii) by the values that maintain a stable
CulnSe compound, SO uc,+mnt+2use=AH:(CulnSe),
where AH;(CulnSe) is the formation energy of solid unat AH¢(CulnSe)=AH;(NalnSe) + ucy- (5)
CulnSe from the elemental solids, an(i) by the values
that will cause formation of binaride.g., CySe and IgSe).
Similar consideration applies to the formation of NalpSe
Our calculated formation enthalpies are: —3.9 eV=un=—19 e+ uc,=-19 eV, (6)

AH:(Na,Se=—3.4 eV; (CaF, structure,

Figure 1 shows our calculated stability triangle for NalnSe
and CulnSe

Furthermore, to maintain a stable Nalp®éth CulnSe,
one needs to have

So, under equilibrium condition, Nalngis stable only when
Mna IS bound by

AH(NalnSg)=—3.9 eV, (CrNa$§ layered structurg sinceuc,<0 and the calculated formation energy difference

AH;(CulnSg)=—2.0 eV; (chalcopyrite structune AH;(NalnSe)— AH;(CulnSg)=—1.9 eV. )
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Equation (6) indicates that under thermal equilibriupay,  B. Effect 2: Formation of point defects at small Na
and uc, are related. It is also clear from Fig. 1 and E.  concentrations

that at equilibrium, the only Na compound that can coexist A small amount of Na leads to the formation of point

with CulnSe is NalnSe. defects, rather than to well-developed bulk-like secondary

The needed total energies and band structures are Cachhases as in Eq8). We studied two leading Na-related de-
lated using the local density approximatighDA)? as '

. o . fects:
implemented by the general potential linearized augmentec?

1 (a) Na-on-Cu defect Ng,: The formation energy of this
p'a”? wave(LAPW) me”‘_Odz- The LDA error on the band substitutional defect is exothermitH(Na)=—1.1eV at
gap is corrected by adding a constant potential to the con-

duction states so the band gap of Culp8wtches the ex- ’L_LC”:MNE‘:O’ but b_e_co_mes en_d_otherrEchH(NaCu)

. . . =+0.8eV under equilibrium conditionuy,=uc,—1.9eV
perimental value of 1.04 eV. To study the atomic relaxatio : ;
: . oo ; . n[Eq. (6)]. The formation energy of Na occupying a Cu va-
in anion vacancyWg, and substitutional impurity § we canc site s AH(N — AH(Nay) — AH(Vey)
have also used theX'a method”??to correct the LDA band y ) = & Lo ¢
gap error so that the defect level is inside the band gap, and 0-2 8V~ ucw WhereAH(Ve,)=0.6+ pc,eV.™ Thus, un-
correct level occupations are achieved. We estimated that tt#€" €quilibrium condition, only part of the Cu vacancies in
uncertainty in our calculated defect formation energies an§uInSe are quenched by Na. We find that dledoes not

defect transition energy levels is abat0.2 eV. introduce gap levels, thus it is electrically inactive.
To assist in experimental identification of Nawe have

calculated its core shift. Our calculated core level energies
show that Ng, has a signature afeducingthe binding en-

IIl. RESULTS AND DISCUSSIONS ergy of nearest Se core level by 0.34 eV relative to that in
Our studies show that Na has three effects on CuyinSe pure CulnSg . ) )
_ (b) Na-on-In antisite Ng : This defect is expected to
A. Effect 1: Formation of secondary phases at large exist in lower concentration if In is on the nominally In site,
Na concentration as its calculated formation enthalpy is positité (Nay,)

The calculated enthalpy of the Nasubstitution reaction =2.5€V atu,=0 anduy,=—1.9eV. We find that Ng is
electrically active, showing single accept&(—/0)=E,
Nanea CulnSe(chalcopyrite=NalnSe(layered + Cuyeta +0.20eV as well as double accepte(2—/—)=E,+0.45
(8)  electrical level transitions. Since the calculated,Nangle
. . . acceptor electrical level transition is shallower than the
is negativeAHg=—1.9eV, so the reaction prpceeds for- calculated® Cu,, acceptors, introduction of Nain CulnSe
wards. Here we assume that Na and Cu are in the metalhI% expected to raise the hole dendifyHowever, as sug-

phase,_CuInSzelg in its stable (_:hglc.opynte structutepace gested by Contrerast al,>*®if In is at a nominally Cu site,
groupl42d), while the NalnSgis in its stable state CrNaS N4 can reduce effectively the concentration of,Jdonors
layered structuréspace grougR3m).*® Details of the pre-  thus enhance significantly the effective hole dendfThis
dicted structural parameters of Naln@ee given in the Ap- is because the formation energyH(Na2+)=—1.0eV at

i i i Cu
pendix. The formation of this secondary Nalp$hase sug- = ex=0 and uy,=—1.9 eV is strongly exothermic. The

gesteq by our .calculateahHR is expected to have the latter effect is probably the most important effect of Na in
following e_ff_ects. . CulnSe since most of the Culn$esolar cells are Cu poor,
@ Ralsmg the _band 9ap relative 1o CulpSéor ex- thus containing significant amount of dpantisite defects
ampl_e, i 1/8 of Cu in CulnSgis replaced by Na, the band bounded to the acceptafe,.!® Indeed, experimentally, it is
. ot N8 served that thimcreaseof solar cell efficiency is larger for
band gap contributes to an enhanced open—cwcm&uInSQ with smaller Cu/in ratio&:
voltage?=61112 :

. . . Again ist in the identification of f w
(b) Being a layered structure witle axis along the gain, to assist in the identification of INadefect, we

[111] direction ([ 112]u4in the tetragonal lattige the pres- calculated its core level energies. We find that the core level

: ! binding energy of Se atoms next to N& reducedby 0.65
ence of NalnSgin Culn.Sq als'o alters the film morphology eV relative to that in pure CulngeFurthermore, the calcu-
of CulnSe, rendering it a preferred (112},

711-13,.24 lated core binding energy of Na on a Cu site is 0.28 eV larger

orientation. )
However, we find that NalnSend CulnSghave but a than that of Na on an Iq site. Th_us,.the presence o
be detected by measuring the binding energies.

limited mutual solid solubility since the mixing enthalpy for The “ordered defect compounds” are periodic repeti

the reaction tions of (/g +InZ!) defect pairs described in Ref. 19.

xNalnSe+ (1—x)CulnSe=Na,Cu; _,InSe, (99  Since Na quenches effectivelydnand to some degree also
the Cu vacancy,, the formation of the “building blocks”

is positive AH,=x(1—Xx)Q with Q=0.67eV. Thus the 2V, +In3! for ODC'Y will be greatly suppressed in the

substitution reactiofiEq. (8)] could lead to phase separation presence of Na. Thus, the ODC region in the phase diagram

and the precipitation of a secondary phase on surfaces @f CIS[Fig. 1(b)] is predicted to shrink relative to that with-

grain boundaries, as observed by a number obut Na. This conclusion is supported by many experiment

experimentg>24-26 observationg;>®1%2% hut contradicts the observation of
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Tanakaet al”” who find that high Na levels in CIGS lead to antibonding character, Qacceptor levels are expected to be

a transition from chalcopyrite to ODC. shallower near the CIS surface where covalency is reduced.
Interestingly, once oxygen replac®d,. in CIS, our cal-

culation shows that Culn$e,O, is unstable and would de-

compose exothermically into the constituent oxides,(Cu

_ and InO3, since the mixing enthalpy for the following reac-
The presence of Na is known to reduce the work func+jgn

tion of the CIGS thin filn® and to weaken the O—O bond of
molecular oxygeri;** forming the chemically activatomic ~ (1—X)CulnSg+ 3 x(Cw,0+1n,03)— Culn(Se _,0y)5,
oxygen that can penetrate the Culp$atice. We find that (1)
atomic oxygen can effective_ly quench Se vacang\ég,_g)(as is large and positiveAHr=x(1—x)Q with Q=2.6eV.
the calculated heat of reaction for oxygen substitution of Serhus, oxygen removes the donor defegt and then precipi-
vacancy tates. This observation is important because it suggests that
(10) one cannot tell if oxygen is involved in the process of
increasing hole density by simply measuring the content
is strongly negativeAHg(Oy )=—4.3eV whenuse=1o  of oxygen in bulk CulnSgsince a majority of the oxygen,
=0. To understand the effect of removal of Se vacavigy, after the removal of the Se vacancy donors, will leave
we first study their properties. CulnSe, forming precipitates either at surfaces or grain
The formation energh H(V3)=3.0 eV atug=0. The  boundaries®'**°Better designed experiments are needed to
neutral Se vacancy?2, has a fully occupied-like gap level identify the effects of oxygen.
a2; when ionizedV2. has the closed-shell configuratiaf.
We have calculated the double donor transition energy levaly. SUMMARY
2E(0/2+)=E(V2) —E(V3L) as (i) a vertical optical
L se T
(Frank—CondohtraonsmonQ.e., Vse is assumed to have. t_he either via direct substitution Na or via the release of oxy-
same structure &g, and(ii) as a relaxed thermal transition ) Cu o
(the structure o2 is relaxed separately frorg). Our ~ 9€N radicals and the subsequeqt @ccupation, is to reduce
atomic relaxation calculations show that relative to pureintrinsic donor defects in CIS. We predict that when Na con-
CulnSe the nearest neighbainn) Cu atoms iane move centration is small, Na will first eliminates dpdefects, thus,
outwardsby about 0.11 A, while the nn In atoms moire  increase the effective hole densitfes>*'This will lower the
wards by about 0.32 A. In contrasly3! shows large out- Fermi energy and remove carrier traps, thus increase the
wards displacements of both the nn Cu and In: relative t@Pen circuit voltagé=®******However, as the Na concen-
V2, the nn Cu atoms move outward by 0.15 A and the nn |tration increases to the level that most of the lulefects
atoms move by 0.70 A. As a result, the dongg 0/2+) have already been eliminated, it will start to remove the ac-
transition is adeeplevel at E.—1.0eV if one considers CeptorVey, therefore, reduce the hole density. Therefore, too
(Frank—Cordoh optical excitation in an unrelaxed lattice, Much Na in CulnSgis not good for the performance of the
whereas the donor level is shalldiy— 0.1 eV once one con- Solar cells’*Furthermore, we find that incorporation of Na
siders thermal excitations in the relaxed lattice. The shallowand O inside CIS and subsequent phase separation of Na and
ness ofV{0/2+) transition indicates that it is an important © secondary phases on the surfaces and grain boundaries
native donor in CulnSe Oxygen substitution at the Se va- PUrify CulnSe, so it becomes more stoichiometfi¢ The
cancy site in CulnSewill destroy these donor levels, thus diffusion of Na in CulnSgand the preferred crystal structure
effectively increasing the hole denst§:** of NalnSe also lead to a preferred (112), orientation for
We have also tested the assumption of Krostikal ~ CulnSe crystals:-"1213:24
that Q. creates shallow isovalent acceptor levelin
CulnSe. We find, however, that in the bulk the calculated ACKNOWLEDGMENTS
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