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Reconstruction and energetics of the pola112) and (112)
versus the nonpolar(220) surfaces of CulnSe
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First-principles total-energy calculation reveals a numbe(ldp) and (]1—2) surface structures stable at
different atomic chemical potentials. All of the stable structures are charge compensated, thus semiconducting,
either by cation-on-cation antisites, cation vacancies, Se adatoms, or by Se addimers. This structural richness
raises the possibility for engineering Culp$€u(In,_,Ga)Se material properties by surface control during
the growth. The experimentally observed puzzling spontaneous decomposition(®287€204) surfaces into
(112 and (TZ) is also confirmed by calculating individual surface energies.
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CulnSe (CIS) and related alloys are important ternary pseudopotential’ We used supercells to mimic the
optoelectronic materiafsPolycrystalline CIS is exclusively (112)/(112) surfaces, which contain 12 atomic layetst
used in the solar cell technology. Due to the large density o¥acuum layers. A 180 eV cutoff energy was used and tested
the grains, the efficiency of the multigrain heterojunction so-up to 234 eV. At least four speciél points in thex-y plane
lar cells depends sensitively on the physical properties of thare used in the calculations. Atoms at the back surface are
CIS surfaces. For example, recent studies of thdixed while the rest of them are relaxed until the forces are
Culn,_,GaSe (CIGS solar cells revedlthat certain sur- less than 0.1 eV/A. Absolute surface energies are calculated.

face orientatior{e.g., (220] of the CIGS thin films might Details will be given elgewheﬂé. The calculation for the
have superior properties over others. CIS surfaces also shog20 and(204) surfaces is done with supercells of 16 and 8
some unusual physical properties, not seen on binary suftomic layers, respectively} 4 vacuum layers. The uncer-
faces. A recent atomic force microscofAFM) study  tainties are estimated to be0.1 eV/a; for the absolute en-
showed that the CIGS220/(204) surfaces are unstable €r9Y: and*=0.02 evlaé for energy difference between differ-

against spontaneous decomposition into(t?) and (112) ent reconstructions, wher®, is the calculated bulk lattice
facets. The physical origin of such a puzzling surface instaQOTtSFan# EIIJkZA. that iconduct ¢ .
bility remains a mystery. Cation sublattice stacking faults IS wefl known that semiconductor surface energy IS a
were observellin molecular-beam epitaxy grown CIS. It sensitive function of t.he sample preparation/growth conQ|—
Jjons. These translatento the dependence on the atomic

was suggested that the stacking faults nucleate at the gro hemical potentials. For t cIs. th wo ind
ing surface under the Cu-rich conditions. To understand hoyyémical potentials. "or ternary » there are two indepen-
dent chemical potential$: s, and u,,, whereas the chemi-

the surface might affect the electronic, as well as the struc: | ial of S be d ined by the h £
tural properties of the CIS/CIGS films, it is essential to de-Ca! potential of Se can be determined by the heat of forma-

termine the stable surface structures. tion [AHgs=2.11eV (Ref. 13] via pcyt pint2use=

Using the first-principles total-energy approach, we have 2Hcis- Figure 1 shows the triangle indicating the acces-

calculated the various atomic structures of the J10212) sible region of the Cu and In chemical potentials. Given the
surfaces. A number of them were found stable at different (=2.1,0,0) Koy (0,0,-1.1)

atomic chemical potentials. All of the stable structures are
semiconducting, as they are fully charge-compensated either
by cation-on-cation antisites, cation vacancies, Se adatoms, A:(0,—04,-08) ¢
or by Se addimers. This suggests that self-compensation is a
general concept that applies to a wide range of semiconduc-
tor surfaces from I1I-\? to 1I-VI,%’ and now to I-IlI-Vl,.

The surface structural richness raises the possibility for en- CulnSe,
gineering CulnSg/Cu(In, _,Ga)Se, material properties by
control of the surface reconstruction during the growth. The
physical origin of the puzzling spontaneous decomposition

of the (220)/(204) surfaces intq112) and (112) is explained
by the formation of CIS specific defects, in particular, the
subsurface In-on-Cu antisites on the anion-terminatdd®]} 1

surface. FIG. 1. Physically accessible region of the atomic chemical po-

The calculation was carried out using the pseudopotentiakntials, (e, s, ssd. The CIS region is a narrow strip defined
approach under the local-density approximafias imple- by the four corneré\-B-C-D, at which the values ofgc,, tn, tsd
mented in the VASP codewith the Vanderbilt ultrasoft are given.

In,Se, D: (0,-0.8,-0.7)

B: (-0.4,-1.7,0)
C: (-0.3,-1.8,0)
Cu,Se —

0.-2.1,0)
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TABLE I. Calculated absolute surface-energﬁEBeV/ag) at the four corner pointsA—D) of CIS in Fig. 1. Surface coverage of Cu, In,
and Se(ncy, 7n, 7so relative to ideal, bulk-truncated surface for ti62) and (112) surfaces, are also calculated. For example, for the
(112)-Cy, surface one Cu is added to and one In is removed frartda< 2) cell of four surface atoms, sgc,= 1/4 and»,,= —1/4. For
the Se addimer surfaces, two Se are added soithat 2/4=1/2.

A B C D 7cu Mn 7Mse
(112 Surface
Sep 1.21 1.21 1.21 1.21 0 0 1/4
VeutVin 0.93 0.93 0.93 0.93 -1/8 -1/8 0
Cup 1.00 1.00 0.90 0.90 1/4 —-1/4 0
2V, 0.89 0.89 0.98 0.98 -1/2 0 0
2CuUyp 3.59 4.56 4.47 3.68 1/2 0 0
INcy+2INap 1.66 3.11 3.21 2.03 -1/4 3/4 0
Se addimer 1.46 0.98 0.98 1.37 0 0 1/2
(112) Surface
Sen 2.12 1.16 1.16 1.94 0 0 1/4
Inc, 0.91 0.91 1.00 1.00 -1/4 1/4 0
2Cuyp 3.16 2.19 2.10 2.88 1/2 0 0
Se addimer 2.16 0.71 0.71 1.89 0 0 1/2
Vse 1.72 1.72 1.72 1.72 0 0 -1/4

(f)

FIG. 2. Calculated atomic structures of tt#l2) [(a)—(d)], and (112) [(e)—(h)] surfaces. Each panel contains two parts, the top view
(top) and the side viewbotton), except for the(Cu, In) vacancy pair in(d) where only the top view is shown. The axes are[110],

y=[22§], andz=[112|. Dashed lines are used to connect the nominal top-surface atoms, and to indicate the location of the Se addimers.
The black ball is Cu, the white ball is In, the smallest dark-gray ball is Se.
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may form from the Cu-In-Se mixture, the triangle in Fig. 1 is
further divided into three subregions. CIS is only a narrow 1.2 4
stripe with four corners defined b4-B-C-D, indicating that Se Addimer
mcy andu,, are quasidependent. In principle, the CIS region (220) surface
in Fig. 1 is further narroweld by the formation of ordered
vacancy compounds, 1-3-5, 1-5-7, etc. but these will not be
considered here.

We name the surfaces using the convention for binary
compounds. Thus, for the nonpol@20 and(204) surfaces,
the primitive unit cells are(2X2) and 1x 4, respectively.
Similar to the binary(110) counterpart, these nonpolar sur-
faces have equal (Guln) and Se coverage, as well as equal
Cu and In coverage. The calculated surface energies are
1.08 eVA for (220), and 1.16 eVa3 for (204), respectively.
The slightly higher energy for th€04) surface reflects the
fact that in the(220) surface, Cu and In form alternating
chains along th¢110] and[001] directions. In contrast, in 1.34 Se Addimer
the (204) surface, cations form Cu-Cu-In-In chains along the
[102] direction, and Cu and In chains along {lt&.0] direc- (220) surface o
tion, respectively. Upon charge transfer to ‘$eCoulomb 1.0
interaction among the charged surface cations is more repul- ' Inc, /
sive for the(204) surface. \ —

l (b) (112) surfaces |

For the polar(112) and (112) surfaces, the primitive unit 0.7
cell is c(4X2). We considered twelve different structures
for the cation-terminated112): nine c(4X2) and three 4
X 2, and five structures for the anion-terminated1(2) all .
in c(4X2). Table | lists the absolute surface energies at ”'“'_
pointsA, B, C, andD in Fig. 1, along with the surface cov- Hse:
erage of the various chemical species. Figure 2 shows four -
lowest-energy structures f¢t12), (@) Cu-on-In (Cy,) anti- FIG. 3. The absolute surface energy far (112 and(b) (112)
site, (b) 2 Cu vacancie$2V, equals complete depletion of Surfaces. The energy for th@20 surface is also shown in the
Cu from surface layer (c) Se addimer, andd) (Cu, In) dashed line f_or comparison. At the bot_tom,B-C-D n_efers to the
vacancy pair. The higher-energy structures not included iffour comers in Fig. 1 with their respective values given.

Fig. 2 are Se adatom (i%§), Cu adatom (Cap), and o pond angle whereas the other two are threefeti.Se ad-
+2Inc,, where the adatontAD) is on theHj site.” In  gimer, Here, the Se adatoms are twofold coordinated on top
contrast to SiL11),"> we find that theH3 site is more stable of |n atoms. The Se-Se bondlength is 2.34 A. The bond
than theT4 site typically by about 0.1 5. In addition,  angles are, on the average, 10@h. V.. Surface relaxation
we found that 2Cpp, on surface Cu is unstable. This is con- |eads to significant atomic displacemeritp. Se addimer on
sistent with the fact that Gg-on-In in Table | has the high- (112). The Se-Se addimer bondlength is 2.26 A whereas
est energy. Figure 2 also shows four lowest-energy structurgfe se-to-surface Se bondlength is 2.46 A. The bondangles
for (112), (e) In-on-Cu (Irg,) subsurface antisitelf) Se  are about 102°(h) Se\p. This is the only metallic yet rea-
vacancy ¥sg, (9) Se addimer, angh) Se adatom (S@).  sonably low-energy surface. The Se adatom is bonded to two
The only structure not included in Fig. 2 is (g1 Not sur-  Se, as well as one Cu in the subsurface layer. The fivefold-
prisingly, it also has a relatively high energy. coordinated Cu causes the metallic behavior.

We found that surface Se atoms are threefold coordinated, Figure 3 shows the calculated surface energies as a func-
which prefer the close-to 903° bond angle. Surface cation tion of the atomic chemical potentials for low-energy
Cu and In atoms are also threefold coordinated, which, howstructures. We see that surface reconstruction is sensitive to
ever, prefer the planar 126%* bond angle. These general w in the following. (i) The (112) surface.
trends are very similar to IlI-(Ref. 5 and II-VI (Refs. 6,7 (1) FromAto B, the Cu-poor ¥, is stable. FronC to D,
semiconductors. As a result of the cation relaxations, thehe In-poor Cy, is stable. In Fig. 1, théA\-B line is more
top-surface cation layer is often below the topmost aniorin-rich (i.e., less negative,,) than theC-D line, explaining
layer [see Fig. 2a) and(b)]. In addition, we see the follow- the change in the energy order between the two.
ing in Fig. 2:(a) Cu,,. Due to the smaller size of Cu relative  (2) The cation-poor(Cu, In)-vacancy pair also has low
to In, the three nearest-neighbor Se atoms are displaced tenergy to within 0.04 e\d,? of either 2/, or Cu,, and is
wards Cy, by almost 0.3 A. The tetrahedral Se bond anglesstable in regions where transition between the two is under
are significantly reduced by up to 36h) 2V,. Two of the  the way.
four topmost Se atoms are twofold coordinated with an 89°- (3) The energy of Se addimer goes down quite drastically

constraints that binary compounds,8®;, and CySe also
SeAD\

Cu,,
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near pointsB and C (Se-rich. However, it is never low the (220 [and the less stablg04)] surface is not only un-

enough to become stabl@i) The (11 2) surface. stable against the average (@fLl2 and (11 2) surfaces, but
(1) The Se addimer, being 0.7 eMf at the Se-rich limit, is also less stable against either one of them. Interestingly for
is by far the most stable surface structure. the (112 surface, not only the structures involving CIS-

(2) The In-rich In, structure dominates over a large  specific defects such a#, and Cy, have lower energies,
space and has the antisite in thebsurfaceinstead of the but also the(Cu, In)-vacancy pair. In comparison with CIS
surface layer. Again, thé-B line is more In-rich than the binary counterpart, ZnSe, the latter result suggests that even
C-Dline. Thus, I, has lower energy i-BthanC-D. Both  the cation-terminatedl11) surface of ZnSe may have lower
(1) and (2) here are absent in thed12) surface. From the energy than th€110) surface by cation vacancy formation.
above results, we see the following. On the other hand, the low energy of thel(2) surface at

(1) Even though in the literatuf@ne often does not make least in the Se-poor condition is due entirely to the CIS-
the distinction between th€220) and (204) surfaces, we specific Iy, antisites. Thus, spontaneous decomposition may
found that their energy difference can be significant due to amot occur in ZnSe. Moreover, dis in the subsurface layer.
intrinsic difference in the surface Coulomb attraction. Being fourfold-, instead of being threefold- coordinated, the

(2) The polar(112) and (11 2) surfaces possess complex diffusion barrier for I, is expected to be much larger than
surface-structure “phase diagrams.” Such complexity raiseghreefold- or twofold-coordinated surface defects/adatoms.
the possibility for tailoring the physical properties of CIS Hence, one has the opportunity to kinetically suppregsg In
films by imposing desired structures during the growth. Forformation during the growth. This will force the (12) sur-
example for the(112) surface, growth along th&-B line  face to be either Se vacancy or Se addimer terminated,
would result in a Cu-vacancy rich environment. Even if apreventing the decomposition of th€220 surface
fraction of the surface vacancies can be buried to becomi the Se-poor condition: indeed at poidt in Fig. 3,
bulk vacancies, it would naturally lead mtype films. The  [E(2V¢) (112t E(Vsd(112]/2 is 0.22 eVAy? higher, in-
same is true for thec-D line, which, however, provides a stead of lower, thafE(220).
much deeper Gudouble acceptor. This could be undesirable In summary, we have determined the stable atomic struc-
if achieving goodp-typeness is the purpose, but could betyres of the (112(112) surfaces as a function of the
desirable if semi-insulating is the purpose. For thel @) atomic chemical potentials. We found that self-compensation
surface, the formation of the Se addimers will lead to a Sés a general principle that applies to a broad range of semi-
double layer that could interrupt the growth sequenceconductor surfaces from IlI-V, to 1I-VI, and to I-1ll-VI. The
thereby causing surface roughnésBinally, we note that potential effects of surface self-compensation on the bulk
self-compensation at thd12) surface is always achieved by properties of the CIS/CIGS films are discussed. Finally, we
intrinsic defects® that arep type in the bulk(V¢,, Cu,, and  explain the spontaneous decomposition of tB20)/(204)
Vin), Whereas for th¢112) surface, it is always achieved by surfaces intq112) and (11 2) facets. We thank R. Noufi, D.
intrinsic defects that are type in the bulk(Inc,, Se anti-  Liao for stimulating discussions, and A. Rockett for provid-
siteg, instead. ing Ref. 3 prior to publication. This work was supported

(iii) Recently, Liao and Rockétteported AFM observa- by the U.S. Department of Energy under Contract No.
tion of the spontaneous decomposition of ##20/(204  DE-AC98-GO10337 and by DOE/NERSC-supplied MPP
surfaces intg112) and (11 2) facets. According to Fig. 3, computer time.
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