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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 lg, as well asV¢, by Na reduces the stability of the ‘(@ul In(z;ﬁ), 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 CyiGaSe (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
systematicallfN5 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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