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First principles calculations of ZnS:Te energy levels
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A comprehensive density-functional calculation for the ZnS:Te isoelectronic impurity state is presented. We
deploy a charge patching method that enables us to calculate systems containing thousands of atoms. We found
that the impurity state is only weakly localized, and previous calculations using 64-atom cells were severely
unconverged. Our calculated impurity binding energy agrees with experimental photoluminescence excitation
spectrum. We have analyzed the impurity wave function in both real space and the reciprocal space, and in
terms of the host bulk valence bands. We have also calculated the Stokes shifts and Jahn-Teller effects. We
found small Stokes shift compared to the experimental results, which might indicate the limitations of the
current method. We also calculated the, Bhusters and their impurity states. We found &&ounting spin
bound states inside the band gap of ZnS for allri<4. We obtained pressure coefficients for, Tall close
to the value of bulk ZnS. This is consistent with the fact that the impurity states,aforesist almost entirely
of the bulk valence bands of ZnS. Finally, we have calculated the effects of spin-orbit coupling for the impurity
state eigenenergies.
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I. INTRODUCTION Theoretically, this is also a challenging problem. Early
theoretical work has focused on the cause of the bound trap
The concept of isoelectronic trap states for semiconductostate. Hopfieldet al1* have attributed the cause to the differ-
alloys was originally introduced in the 1960'¢.Although  ence in electronegativities between the isoelectronic impurity
the isoelectronic impurity has the same number of valencatom and the host atom. AlléA,on the other hand, consid-
electrons as the host atom it replaces, it can induce a bourgted the effect of lattice deformation due to different sizes of
localized state if its atomic size and electronegativity areémpurity atoms. This causes a strain field effect, which is
sufficiently different from its host atom. This often happensrelated to the bulk deformation potential of the host.
in 11V compounds, e.g., the As and P substitutions in GaNPhillips'® further argued that the electron polarization and
(denoted as GaN:As and GaN:P, respectiyebs well as  screening can also play an important role, which can signifi-
[I-VI compounds: CdS:Te and ZnS:Te. In recent years, thereantly reduce the binding energy. However, to get quantita-
is a renewed interest in these isoelectronic trap states. This fvely accurate results, numerical calculations are needed.
partly due to the realization that the alloy counterparts ofGreen’s-function method$ and tight-binding method®
these isoelectronic trap systertesg., GaAgN;_, from Ga-  have been used to calculate the impurity levels. But they are
N:As and GaAs:N, IgGa,_, N from GaN:In constitute a highly parametrized. Recently, empirical pseudopotential
new class of “unconventional” alloys, with their electronic methodEPM) have been used to study this probleow-
structures unlike the conventional crystal bulk bandever, there are some uncertainties in these EPM calculations
structures 2 The recent successful applications of thesesince only the binary systems are fitted in EPM. A more
“unconventional” alloys in blue lasers and solar cells havereliable way is to use thab initio density-functional theory
added urgencies for the understanding of these systems. (DFT). The problem here is the size of the system attainable
To understand the alloy systems, one first needs to undeby DFT. Recent DFT calculations on the isoelectronic trap
stand its impurity limit: the isoelectronic trap state. Despitestate used 64-atom unit cet$?’ In a previous work? we
the fact that this is an old topic, the nature of the isoelecpointed out that the 64-atom cells are severely unconverged,
tronic trap state is still not well understood. This is especiallystrong impurity-impurity coupling exists, and, as a result, the
true for valence-band-induced isoelectronic trap states, sudbinding energies of the impurity states are severely overesti-
as, GaN:As, GaN:P, CdS:Te, and ZnS:Te. These systemmated. Recently, we have developed a charge patching
have impurity levels slightly above the top of the valencemethod that allows thousand atoab initio calculations.
band. In the experimental spectroscopy measurement, broddhis makes it possible to reinvestigate the isoelectronic im-
peaks are observed for these valence-band-induced isoelgadrity problem viaab initio calculations.
tronic trap states, in contrast to conduction-band-induced iso- In this work, we will choose one well-studied valence-
electronic trap stateg.g., GaAs:N where sharp peaks are band-induced isoelectronic trap state system: ZnS:Te. The
often observed. As a result, even the exact impurity energiegurpose here is to conduct a detailed study of this system
are not known for the valence-band-induced isoelectroniaising theab initio charge patching method. Not only can this
trap states. The broad peaks themselves are indications sfied light on the physical properties of this important system
large electron-phonon couplings. But the very nature of thige.g., the energy level, localization, clusters, electron-phonon
strong coupling is not clear, especially given the fact thatinteractiong, it can also be used to test the applicability of
these impurity levels are usually only weakly bound and nothe DFT method to such isoelectronic impurity problems.
strongly localized®*? ZnS,_,Te, is a technologically important material. Besides
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being lattice matched to GaAs and Si substrates, its widélow different is the final converged result compared to the
band gap (2.26 eV 3.6 eV) (Ref. 21) makes it a promising previous unconverged 64-atom resul8 How good is the
candidate for blue and green LED and lasers. Recentlgalculated impurity energy level compared to the experimen-
experiment&-?? have found that the radiative recombination tal result? Actually, which experimental resultshotolumi-
rate of Zn$Te, _, films is significantly higher than the ZnS nescence, zero-phonon li&PL), or photoluminescence ex-
and ZnSe thin films. This further improves its applicability in citation (PLE)] should we compare to) Can we get large
optoelectronic devices. Stokes shift using Franck-Condon picture by LDA calcula-
The spectroscopies of ZnS:Te have been studied by marﬂpn? (5) Does strong Jahn-Teller distortion exist in the opti-
experimental group&® 2°When a small amount of Te is in- cally excited ZnS:Te system®) What are the calculated
troduced into ZnS, one finds the following main phenomena€nergy levels of Teclusters and their pressure coefficients?
(1) Bound excitons for single impurity Te and, Biusters ~ How do they compare to the experimental resul&?.ast,
Fuskushima and Shiond¥faidentified the emission and ex- because spin-orbit splittings in ZnS and ZnTe are rather dif-
citation peaks for single impurity Te in cubic ZnS as 3.14 evferent, what is the role of spin-orbit splitting in ZnS:Te?
and 3.7 eV, respectively. They estimated the zero-phonon The remainder of the paper is organized as follows: In
line at 3.4 eV. Mind that, the intrinsi& exciton absorption Sec. Il we explain the calculation method, in Sec. lll, we
line of bulk ZnS is at 3.79 eV. This indicates a bound impu_discuss our results, and in Sec. IV, conclusions are provided.
rity level above the top of the valence band. As the compo-
sition of Te increases, one can observe the photoemission of
excitons related to Teclusters**?8=32The corresponding Il. CALCULATION METHOD
impurity binding energies increase as Te forms larger clus-
ters. As mentioned before, unlike the conduction-band-
induced isoelectronic levels, the emission peaks in ZnS:Te In this study we have used a self-consistent plane-wave
impurity and Tg clusters are typically broad, with line width Pseudopotential method®WB), based on local-density ap-
of a few tenths of eV. proximation of the density-function theory. We have used the
(2) Anomalously large pressure coefficient of single impu-Perdew and Zunger parametrization for the LDA exchange-
rity exciton energyThe pressure dependence of photolumi-correlation functior* The single-particle wave functio;
nescencdPL) and absorption spectra are powerful tools toand its eigenenergy; are solved via Schringer’s (Kohn-
study the nature of impurity states. For shallow impurity sys-Sham equation,
tems, e.g., GaAs:Si, their impurity states mainly consist of
the wave functions of host bulk state. Thus the pressure co-
efficient of the impurity level is almost the same as that of
the host crystal. In GaAs:N, the pressure coefficient of the
nitrogen level is 40 meV/GPa, which is much smaller than
that of bulk GaAs(which is 110 meV/GPa This can be
explained® by the I'y., Xy., and L;. components in the Where the local potentia¥(r) is calculated from the occu-
impurity wave function, which have different signs of pres- pied charge density(r) via the LDA formula, and/,,onoc iS
sure coefficient, thus cancel each other out. Recently Fanihe nonlocal part of the pseudopotential. We have used norm
and L? have observed a higher pressure coefficient f Te conserving pseudopotentials. For the Zn atom we have in-
(single Te impurity in ZnS,Te, _, (89 meV/GP# compared cluded thed electron in its valence electrons, while for Te we
to the bulk ZnSwhich has a pressure coefficient of 63 meV/ have used a nonlinear core correction term for the exchange
GPa. However, for the Te (n=2) clusters, their pressure and correlation functiof® A plane-wave kinetic energy cut-
coefficients are similar to that of bulk Zri&lt is not clear  off of 50.0 Ry is used?®

A. LDA calculations and atomic relaxation

1 N
_§V2+V(r)+vnonloc =€, (]

what causes the large pressure coefficient for. Teis not Although there is a band-gap error in a typical LDA cal-
even sure whether that is only an anomaly in the measureculation, it is widely believed that this error only affects the
samples. conduction band. For valence band related properties, such

(3) Large Stokes shift in ZnS:TBtokes shift is defined as as the band offsets, it has been shown that LDA produces
the energy difference between the absorption spectrum argbod result$! Here, our impurity state is valence-band-
PL spectrum. Closely related to the broad peaks in the speérduced, thus we can use the LDA to calculate its energy
tra, the Stokes shift of ZnS:Te is large, about 0.56eNs levels without further corrections.
discussed before, this is an indication of large electron- When an impurity atom is placed in a 64-atom supercell,
phonon coupling. A simple way to describe this coupling iswe have used the LDA total energy calculation to relax its
to use the Franck-Condon picture. It is interesting to knowatom positions. However, we have also tested a valence force
what kind of atomic relaxation exists in the excited state, andield (VFF) model®® The use of this model can considerably
whether a simple DFT method can be used to predict suchpeed up the calculation, and the test of this model is impor-
relaxations. tant since many previous calculations on similar systems

In this paper, we will use the local-density approximationhave been carried out using similar VFF models. Our VFF
(LDA) of DFT to study ZnS:Te. We like to address the fol- model includes bond stretching and bond bending terms,
lowing questions{1) Can LDA produce a localized state in with their strength parameters derived from LDA bulk
ZnS:Te? If so, how large is the impurity binding enerdgg®  calculations.
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B. Charge patching method for large supercells

The impurity state in ZnS:Te is only weakly localized. As
a result, to accurately calculate this state, a large superce excited state
containing thousands of atoms is needed. In this paper, we ey = | N\l
will use a charge patching methe@PM) to carry out LDA ]
calculations for large systems up to 4096 atdmin the
CPM procedure, we first calculate a 64-atom periodic super-
cell Zng,S3.Tey, in a 2aX 2aXx 2a cubic box, wherea is the
ZnS lattice constant(in this study, we have used
=5.41 A, the experimental lattice constarwe place the Te
atom at the center of this cubic box. We then fix the S atoms rol mSeo | 4E. _
of the surface of this cubic box at their ideal face-center- VW\
cubic (fcc) positions, while relax the positions of all other R
atoms using either a full LDA total-energy calculation or a d, d, Kk
VFF calculation. A 22 2k-point grid is used for this 64- Bond length d
atom supercell. A 88 80x 80 real space grid for the charge () (b)
density is used. Meanwhile,ax aX a eight-atom cubic cell
for bulk ZnS is calculated, and its charge density is stored in  FIG. 1. (a) A configuration coordinate diagram for the Franck-
a 40X 40X 40 real space grid. To generate the charge densitgondon picture. We use the bond lengttof Te and its nearest-
for a large supercell with one Te atom at the center, a sameeighbor Zn atom as the indicator of the general configuration co-
dense real space grid is us@dg., 320 320X 320 for the & ordinate(the full atomic configuration (b) A schematic diagram for
cubic boy. The charge density at the centea’22ax2a the impurity levels §;,,) and their positions in the band gap of ZnS.
cubic box is taken from the above 64-atom calculation, andy is defined as the impurity binding energy;gy is the valence-
the rest of the charge density in the surrounding area is takeppnd maximum energy of bulk ZnS.
from the bulk ZnS calculation. On the single grid point layer _ _ _ o o
between these two regions, average charge densities betwe&g Will define a single-particle impurity binding energy as
the 64-atom cell results and the bulk ZnS results are usedim—&vewm [Fig. 1b)]. Here,e;, is the impurity eigenenergy
Following the above procedure, the LDA charge density) ~ from Eq. (1), eygw is the bulk ZnS valence-band maximum
of a large system is generated, without doing a self{VBM) energy'* From Fig. 1, under the Franck-Condon pic-
consistent calculation. In our previous wotrkif was shown ture, we see tha,— €, should be identified with the PLE,
that the above generated charge density is very close to tH¥t with PL, or ZPL. Given the large difference between
true LDA charge density via a full self-consistent calculation.PLE, PL and ZPL, this identification is important.
The eigenenergy error produced by this method is in the According to the Franck-Condon piCtUre, the Stokes shift
range of 30 meV. Aftelp(r) is obtained, we can generate EstokesCan be calculated as
V(r) easily using the LDA formula. Then the impurity state E @ Ee Eu —Ee 4E @
can be solved from Eg(l) using a linear scaling folded Stokes™ =PLE~ =PL™ =FC1 T =FC2:
spectrum methoff! In this work, we will study three large whereEgc; andEgc, are two Franck-Condon relaxation en-
Systems: ZpseSy551€1, ZNgeaSgeal€r, and ZngasSypa71€;- ergies:
They correspond to periodic cubic boxes of sizes 8a,
and &, respectively. Note that, our largest 4096-atom sys- Erci=EzpL—EpL ©)
tem has 36 864_occupied states. Itis far beyond the capability, 1o ground state and
of the conventional LDA method even with the powerful
supercomputers of nowadays. All our calculations are carried

. Erco=EpLe—EzpL (4)
out on parallel supercomputers at National Energy Research )
Scientific Computing CenteiNERSO. for the excited state. To calculakg-c, ,, we need to calcu-
late the relaxation of the atomic structure in the excited state.

We will use a constraint LDA approach to describe the ex-
cited state. In this approach, one top of valence-band state is
ZnS and ZnTe are polar semiconductors, thus strong-Fro unoccupied, and one bottom of conduction-band state is oc-
lich electron-phonon interactions for LO phonon modes ex-cupied[shown in Fig. 1b)], and the total energy is calculated
ist. Experimental datd~?°show that there is a large Stokes using the usual LDA formula. We will use 64-atom unit cells
shift of ZnS:Te (0.56 eV). One possible way to under- to study the Franck-Condon relaxation. We use the bond
stand this Stokes shift is via the Franck-Condon picture. lengthd on the Te atonishown in Fig. 2 as an indicator of
The Franck-Condon picture is shown in Figal The the general Franck-Condon coordin&eln the calculation,
photoabsorption and emission processes are assumed to foe both the ground state and the excited state, we chodse a
much faster than the atomic relaxations, thus during the provalue (hence fix the four nearest-neighbor Zn atoms of, Te
cess of the PLEPL), the atomic structures before and after and then relax all the other atoms in the system, then obtain
the absorptiorfemission are assumed to be the same. Figurea LDA total energy corresponding th As a result, we will
1(b) shows the schematics of the impurity level. In this studyobtain theE(d) curves for both the ground state and the

Energy

EPLE Eg(bulk)

ZPL

Total

ground state

VE

............ Sim L Je Q-TLO 2

C. Franck-Condon picture and Jahn-Teller distortion
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TABLE |. The structural properties of zinc-blende ZnS calcu-
lated in this work compared with PWRef. 46, LAPW (Ref. 46,
and experiment Ref48, 49. The calculated values for the lattice
constantay, bulk modulusB,, pressure derivative of the bulk
modulusB’, are obtained with a fit to the Murnaghan equation of

state.
(o == Present cal. PWP LAPW? Experiment
Ppus
ap (A) 5351  5.349 5.353 5.41
B, (GP3 78.8 82 87 76.9
(b) B’ 4.4 4.6 4.9 4.99
dEy/dp (meV/GPa 62.3 63.5°

FIG. 2. One substitutional Te impuriat the center The four
nearest Zn atoms can relax in two waya: relax without changing  agee Ref. 46.
the site [y symmetry;(b) one bond lengtfdl, is different from other  bgee Ref. 48.
three bond lengthsl;, results in a trigonalCs, symmetry. This  cgae Ref. 49.
relaxation corresponds to a Jahn-Teller distortion for an excited
state.

with spin-up and spin-down components. Each component is

described by an expansion of the plane-wave basis functions.
excited state. They can be directly used in the Franck-

Condon picture shown in Fig. 1. . RESULTS AND DI ION
Note that, our ground-state impurity level shown in Fig. - RESULTS SCUSSIO
1(b) has at, symmetry, and is thus threefold degenerated. A. Bulk calculations

This means that in an excited state when one of the six oc- . .
cupied electrons is missing from the impurity state, it is pos- We have first checked our bulk calculations for ZnS and

sible to lower the total energy by lowering the symmetry OonTe, a_nd compared o\L/JVrﬁpresent results with previous LDA
the system, thus produce Jahn-TellgT) distortion. Recent calculations — using  PWF, the aII—eIectrondAs!Lr;earlzed-
experiment¥~** suggested that th€,, Jahn-Teller distor- augm_ente(zlg_sglane-wave (LAPW)  method, and

tion is a common feature in deep impurity states, e.g., P an xp((ajrl_men BI Tr;]e st_ructural p_rope:(tlbeslkof bulk (ZjnS are
As impurities in ZnSé? n-type doping Ga and Cl impurities (;:_ste In Ta € . T € eigenenergies ot bu ZnS and ZnTe at
in ZnSe® and isolated Zn vacancy in Zn$k However, |ﬁer¢nt speciak points are listed in Tables Il and lll, re-
LDA calculations have failed to predict the experimentally spectively. From these th(ee tables one can conclud.e that our
observed JT effect in nitrogen impurities of Zngeef. 45 current calcu_lat|ons are in exc_ellent agreement W|th other
and in GaN:As and GaN:P impuritié8Here, we would like LDA calculations and are also in good agreement with the
to see whether LDA calculation can produce a JT effect | experimental data, except for the well-known discrepancy in

our system. To do that, we keep the lengths of three bonds pe band gap. But as we discussed before, since the impurity

Te asd; and one bond ad,, as shown in Fig. @). Then we

independently change, andd,, obtain a two-dimensional
energy functiong(d,,d,). JT effect will be found if the
minimum energy ofE(d,,d,) corresponds ta;+#d,.

TABLE II. The electronic eigenenergidgV) of cubic ZnS @
=5.41 A) calculated in this work compared with other LDA calcu-
lations and experiment.

Present cal. PWP LAPW?  Experimenf

D. Spin-orbit interaction in the calculation Iy, —13.09 —13.07 —-13.11 —135
So far, in the above description of the LDA calculation, I'is 0 0 0 0

we have not included spin-orbit interaction. When all thel'c 1.818 1.839 1814 3.80
valence states are occupied, it is believed that the spin-orbltis 6.144 6.15 6.19 8.35
splitting at the top of the valence band has very little effectsXy, —11.79 —1177 —-11.84 -12.0
on the total energies and atomic relaxations. However, th&s, —-4.73 —4.74 —-4.70 -55
spin-orbit interaction does change the band structure, esp&s, -2.29 -2.29 -2.25 -25
cially near the top of the valence band. The spin-orbit split-X 3.21 3.19 3.18
ting for bulk ZnTe is extremely large, close to 0.97 eV, while X5, 3.87 3.87 3.87 4.9
the spin-orbit splitting for bulk ZnS is only about 0.07 eV. |, ~12.11 ~12.10 —12.16 —12.4
We will like to know what is the spin-orbit splitting in the | _5.44 —5.43 ~5.38 -55
ZnS:Te impurity state. In the folded spectrum method calcuy ~0.90 ~0.90 —~0.88 —14
lation of the impurity energy levels, we have added the sping 3.04 3.05 305
orbit interaction terms in Eq(1). To do that, nonlocal Lac 6.77 6.75 6.76

pseudopotentials with relativistic effects of the cOmbich is
the source of the strong spin-orbit interaction in the sy$tem3See Ref. 46.
are used. In that case, wave functignin Eq. (1) is a spinor, °See Ref. 48.
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TABLE lIl. The electronic eigen energiggV) of cubic ZnTe 1 _ 1

(a=6.089 A) calculated in this work compared with other LDA  os| @64atom 1l /~ (B)512atom
calculations and experiment. osf 1 06
04| 04|
Present cal. LAPVE Experiment gt -
'E.' 021 0.2
Ty, —~11.931 ~11.93 —13.0° g oL ‘6 e e
r 0 0 0P % ! !
150 8 g ol #1728 aton | o 4096 aton
I 0.78 0.96 2.3 5 [
T 4.32 4.23 4.83 05 08}
X1, -10.72 -10.72 —11.6° 04r 1041 )
Xa, -5.13 -5.18 ~55P 0z i o2 ;
b 3 | ) ) ) ) ) X
Xsy —2.24 —2.25 —24 00 5 10 15 20 25 30 35 o 10 20 30 40
Xic 2.15 2.13 3.0% Radius(A)
Xac 219 205 FIG. 4. The ch lation functin(R) of the impurit
L ~11.041 ~11.04 —12.0P . 4. The charge accumulation functiQq(R) of the impurity
le 5130 5133 states for(a) 64-atom,(b) 512-atom,(c) 1728-atom, andd) 4096-
le 0 '933 0'94 11b atom systemsQ); is the charge inside a sphere of radirsThe
3v s s T arrows indicate the boundaries of 64-atom cells. The dashed lines
aSee Ref. 47 are the results for uniform charge distributions.
b
See Ref. 48. . . .
See Ref. 50 impurity Te atom is placed at the center of the cell box. In

the 64-atom cell some strong peaks exist near the surface S

atom. There is no indication of a bound state in this 64-atom
ell calculation. However, in the 4096-atom large supercell,
he Te impurity state is clearly localized. The bound states

have long-range tails in thé€l10) direction. Similar long-

range tails were also found in GaAs:N for tag(N) state®®

To see the properties of localization more quantitatively, we

Wave-function localizationiThe impurity potential has a have calculated the “charge accumulation” functiQ(R),
tetrahedral symmetry. According to the irreducible represenwhich is the total charge of the wave functieh inside a
tation of the T, group, there could be three types of impurity Sphere of radiusR centered at the impurity atom. The
states: a singlet state with, symmetry, a doublet state with charge-density integration is done only within one supercell
e symmetry, and a triplet state with symmetry. In the case (with the impurity at its centey so when the spherical radius
of GaAs:N, there is a localized nitrogen statgN) above R is large enough to enclose the whole superc@ii(R)
the conduction-band minimuk€BM). In the present case of equals 1. Figure 4 shows the charge accumulation function of
ZnS:Te, we found that the localized impurity states are threelmpurity state for(a) 64-atom,(b) 512-atom,(c) 1728-atom,
fold degenerated slightly above the VBM and they haye and(d) 4096-atom supercell calculations. The results for uni-
symmetry. Figure 3 shows the sum of the wave-functionform charge are also plotted as dotted curves for comparison.
squares of these three degenerated statgg)fée-atom,(b) At a given radiuR;=5.41 A indicated by vertical arrows in

512-atom,(c) 1728-atom, andd) 4096-atom supercells. The Fig. 4 (which corresponds to a sphere that touches the 64-
atom cell boundary the Q;(R) are 61.3%, 21.7%, 16.4%,

and 15.9% fora) 64-atom,(b) 512-atomc) 1728-atom, and

(d) 4096-atom supercells respectively. Thus the charge dis-
tribution for the small supercell64-atom and large super-
cells is quite different. When the size of the supercell is
larger than 512 atom, more than 80.0% of the wave function
is outsideR.. This means the 64-atom cell is not large
enough to describe the impurity localized state. Ret2a

and &, Q;(R) for the 1728-atom4096-atom cell are 0.39
(0.37 and 0.68(0.53, respectively. We see that there is a
significant difference between the 1728-atom results and the
4096-atom results for larg®, indicating that even the 1728-

FIG. 3. Wave-function charge density of the impurity states ofatom cell is not completely converged. This is confirmed by

ZnS:Te on(001) cross sections. The charge-density sums of the™ig. 3(C), where one can see the non-zero tail of the wave
three(not counting spindegenerated impurity states are plottea; ~ function extended to the supercell boundary. The unconver-

state studied in this work is induced from the valence band
we do not expect that this band-gap error will cause an
problem in our results.

B. Localized impurity state in ZnS:Te

b

Sa\l

for the 64-atom supercellb) for the 512-atom supercellg) for the
1728-atom supercell; andl) for the 4096-atom supercek is the
ZnS lattice constant. The andy axes lie in the[100] and [010]
directions. The unit of axis is 0.333 e/Bofr

gence can also be demonstrated in the impurity binding
energy.

Binding energies of the impurity stateBhe LDA band
gap of ZnS in our calculation is much smaller than the ex-
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180 le+o [ .
160 o at ot | (a) 512 atom T
1‘2‘8 e o T, 0.998
210 e
% 20 le-3
* 60 512 atom e . . . . .
40 4096 atom les g : i A H ! '
20 1728 atom Lt . H 3 s 4
0 . . . . o
0 1000 2000 3000 4000 5000 S .
Size of the system (atoms) % lel | (b) 1728 atom T
FIG. 5. Binding energy,, of ZnS:Te as a function of the size of aé le2 ¢ I, 0.999
the supercell explanations. g le-3 1
S ledf
perimental band gap, thus the conduction-band energies car® les | o o e
not be trusted. However, the impurity states of ZnS:Te con-§ e L8 : I A T I : :
sist of the valence bands. We did a projection analysis of the & o L i | ‘ l I ! ‘ | i
impurity state on to the bulk ZnS band states at all khe ~ ¢
points and bands. We found that more than 99% of the pro- let0 '
jection is in the valence bands. Since the LDA formalism le'l = (c) 4096 atom f
describes the valence bands well, we expect that the impurity ~ '¢2 | T, 0.9999
states can be described well by LDA without further correc- le3
tions. Binding energies,, (defined as the difference between le-d 1
the single-particle impurity state energy and the bulk VBM les | o o
energy for different sizes of supercell are shown in Fig. 5. le-6 R . . .
Here, the bulk VBM energy is aligned to the supercell le7 + § ' | I l | l I I l ' I | | i
eigenenergies according to Ref. 41. In the 64-atom cell, our le-8 : : ! ‘ :
binding energy,, is 0.142 eV, while for the 4096-atom cell, -6 -4 -2 00 2 4 6
this binding energy is only about 0.028 eV. The large drop of Supercell reciprocal vector k(100) (au)

ep, from the 64-atom cell result is the most dramatic charac-

ter in Fig. 5. This indicates that the 64-atom cell is not con- FIG. 6. k space spectruRgw(k) of the CBM state vk point
verged with respect to the binding energy. This unconverfor (a) 512-atom supercellb) 1728-atom supercell, ar@) 4096-
gence can partly be explained by a coupling between thetom supercell.

neighboring impurity states. When interaction exist between

the neighboring impurity states, they form a bonding state a§pectral weight oP;(k). As shown in Fig. 6, when the size
theI” point with a higher energylarger binding energyand  of the supercell increases the weightlapoint is roughly a

an antibonding state at thépoint. We have calculated the constant(gctually it approaches 1 due to the fact that the
point k= (7/2a,0,0) impurity state binding energy for the center Te impurity atom has less and less effect on the CBM
64-atom cell. This binding energy is 54 meV smaller than thevave function. This dominank point phenomena has been

binding energy at th@ point. This energy difference is in called “strong majority representatior’” In the real space,

the same order as the energy drop shown in Fig. 5. Finally"/’CBM(r) looks like a crystal Bloch state. Figure 7 shows the

. 0 : ituation for the impurity states in ZnS:Te. Thepoint com-
22:;? it::gitct:t?n;ov?/\éZE?:cgllir;:t?c?nznergy of 28 meVis rathef)onentPi(l“) drops from 87% in the 512-atom cell to 58%

Analyzing wave function in k spacBesides being dis- in the 4096-atom cell. This is a typical manifestation of a
played in real space, the wave functions can also be analyzéﬁ?rll'.Spage /Iccj)cihze(% iiat(;ab Hoyve':\{er,7|f V\;}e Zun: 105 fgk)
in reciprocal space. If an eigenfuncti@n is available, it can within a zzr/d, DOX (dOtted box In 9. 7, where, IS
be projected into Bloch functionai,(r)e*'} of band index the rough localization size of the wave function according to
n and allowed reciprocal vectde within the first Brillouin Figs. 3 and 4 the result comes back te 0.95. Thus, the

zone. After summing up band index one gets a projection V.V'dth of the peak n reC|proc'aI space Is inversely propor-
function, tional to the width of the localization in real space.

Transition intensitiesThe optical matrix element for di-
oo rect transition coupling statds) and(f) is given by
Pi(k)= 2, [(4a(N)]un(r)e*)|?. (5
Mis=[(gilplyn)|. (6)
Figure 6 showsP;(k) for CBM state calculated from 512,

1728 and 4096 atom supercells. Notice that there is a singl€he corresponding radiative emission rate and lifetime are
dominantk point that contains more than 99% of the total calculated by
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FIG. 7. Same as in Fig. 5, but for the impurity state in ZnS:Te.

The dotted boxes sum ove¥,,(k) within thea width of ~27/d,_,
whered, is the localization size.
1 4awn
~—2 > Mit, (7)
T 3m c?

wherea is the fine-structure constand, is the photon angu-
lar frequencyn is the refractive indexwe use ZnS refractive
index n=2.3 in this calculation m, is the free electronic
mass, anct is velocity of light. The PL intensity is propor-
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FIG. 8. Spin-orbit splitting of the impurity states calculated in
different supercells. The left-hand bar indicates the level before the
splitting. The numbers in the bracket indicate the degeneracy of the
states.

the above directly calculated results. If we choddg,
=0.127 Ry, we obtain a lifetimer=1.8 ns. This corre-
sponds well with the observed short recombination tiifires
the order of nanosecopdf localized excitons in ZnS:Te by
time-resolved emission specta

Spin-orbit interaction.There is a strong spin-orbital cou-
pling on the top of valence band for bulk ZnTe. Experimen-
tally the spin-orbital splittingA s for ZnS is 68 meV, while
Ago=970 meV for ZnTe*® One question is: how does the
spin-orbit interaction alter the electronic structure for the im-
purity state. Using relativistic-effect-included nonlocal
pseudopotentials and two-component spinor wave functions,
we have first calculated the spin-orbital splitting for bulk
ZnS and ZnTe. The results are 63.4 meV for ZnS, and 943
meV for ZnTe respectively, which are in good agreement
with the above experimental values. We then use these
relativistic-effect-included nonlocal pseudopotentials and
spinor wave functions to calculate the impurity states for the
various size supercells. The results are shown in Fig. 8. We
see that the original sixfol@including spin degenerated im-
purity states have been split into a fourfold degenerated state
and a double-degenerated state, much likelthmoint situa-
tion in a bulk system. This spin-orbit splittingso of the
impurity state for 64-, 512-, 1728-, and 4096-atom supercells

tional to M, . between the impurity state and the CBM are 158, 104, 99, and 98, meV, respectively. They are much
states. The calculated, . for 64-, 512-, 1728-, and 4096- smaller than the ZnTe spin-orbit splitting, and slightly larger
atom supercells including one Te impurity are 0.198, 0.183than the ZnS spin-orbit splitting. The converged spin-orbit
0.178, and 0.127 Ry, respectively. These can be comparesplitting is about 98 meV. From the convergaAd, we can
with the bulk ZnSMygy cem Of 0.217 Ry. We see that al- estimate the percentage of the impurity wave functions pro-
though the impurity state is localized, a large matrix elemenjected on the Te atom. Since the laye of ZnTe is mostly

still exists even for the largest supercell considered heredue to Te atom for its strong core-level relativistic
Note thatM, . decreases with the increasing supercell sizeseffect, given the percentage of the impurity wave function
This change can be estimated by the chang®,p{k=T") on Te as X, we have Ago(ZnTe)x+Ago(ZnS)(1-x)
shown in Fig. 7. Since the CBM'’s have essentially only the= A s(impurity). This gives ux=4%. Thus, although it is

I' point components as shown in Fig. K, . can be esti- the Te atom that causes the localized impurity state, there is
mated asP;,(k=I")Mygm cem(bulk). Taking the values of only 4% of the impurity state wave function affected directly
Pim(k=I") from Fig. 7, we have the estimated, . as by the Te atom pseudopotential. Notice that the spin-orbit
0.189, 0.170, and 0.126 Ry for 512-,1728-, and 4096-atoncoupling also changes the impurity binding energy. For the
supercells, respectively. This is in excellent agreement withop fourfold degenerated impurity state, the spin-orbit split-

205319-7



JINGBO LI AND LIN-WANG WANG PHYSICAL REVIEW B 67, 205319 (2003

ting up shifts their energy byA so(impurity)~33 meV. But  all the atoms including the surface S atoms, and find that the
the VBM of bulk ZnS is also up shifted by results ine, differ by only 2 meV. In practice, the use of
1Aso(ZnS~23 meV. As a result, the impurity binding en- VFF atomic relaxation can save a lot of computational time.
ergy e, will be increased by 10 meV. Adding this tg, in It takes more than 500 CPU hours to fully relax the atomic
Fig. 5, we get a finak,, of about 0.04 eV. positions using the LDA method for a 64-atom system, while
it only takes 80 CPU hours for a fixed atom LDA self-
consistent calculation for the same system.

Small Stokes shift in LDA calculatioBtokes shifEg;okes

As we discussed in Sec. IIC, we will use the co_nstraintand Franck-Condon shift&; , are defined in Eq(2) and
LI?A approach to calculate the excned.—state atomic reIaxEqS_(3) and (4) respectively. We have calculatéc; , us-
ations and compare the results to experimental PLE, PL, anglq 64-atom unit cells. In the one-dimensional configuration

ZPL. In Qrder to make a connectior_1 between our Single'diagram of Fig. 1, one can find whether there will be a large
particle eigenenergy, and the constraint LDA approach, We gyq\es shift from the minimum energy Zn-Te bond lengths of

have calculatedE, pa(excited)- E_LDA(g_round) for the 64- do (for the ground stateandd; (for the excited stape If the
atom cell ZnS:Te. Herek pa(excited) is the LDA selicon- difference betweed, andd, is large, there is a large relax-
sistent total energy with one VBM unoccupied and one CBM tion, andEgc, and Ep, are probably also large. Unfortu-
occupied and with the same atomic configuration as in th& o " FC1 FC2 '

round state. We found thig excited)- E round nately, in the presgnt calculation for one_Te impu_rity, we
igéonly 4 meV different fronE;EAéb. This)t:y i't‘s'?eAh(t?s also)a found only small differences of the atomic relaxation be-
manifestation of the weak localization of the impurity statet""eenlé\he ground state am}:i&the excited state. Wedindf
(for an infinitely large unlocalized state, it can be proved thag->43 A while d, is 2.564 A. The corresponding Franck-

the total energy difference equals exactly the single-particl&ondon shifts folEgc; and Egc, are 10 meV and 8 meV,
eigenenergy respectively, and the total Stokes shift is 18 meV. This is

For ZnS:Te there are experimental estimations of pLgnuch smaller than the experimentally observed Stokes shift

24

caused by the impurity states, though the accuracy of theyf ~560 meV: o ) i
estimations is not as good as for PL. Note that, ZPL and PL_Our result of the small Stokes shift is consistent with pre-
can differ by a few tenths of eV. PLE should also be higherVious LDA calculations for N impurity in ZnSeRef. 43 and
than ZPL. In previous calculatio€the calculated, have ~AS and P impurities in Galf all showing much smaller
been compared with the experimental PL. Given the big dif DA calculated Stokes shifts than the experimental ones. At
ference between PL, ZPL, and PLE, comparing to the correép's stage, it is not clear wha; is the problem. Ong possibility
spectroscopy peak is important. As shown above, our singldS the 64-atom cell we are using. It might be possible that the
particle calculated ,— &, corresponds to the constraint LDA Iong-_range elastic rglaxat!on, rathgr than the_ local atomic re-
E_ pa(excited)- E, pa(ground), and here the “excited” and laxation ar_ound the impurity atom is responsible for the large
the “ground” system have exactly the same atomic positionsStc’kes shift. Unfortunately, we cannot do total-energy calcu-
as in the ground state. Therefore, in a Franck-Condortion and atomic relaxations for systems much larger than
picturé”* of Fig. 1, E, p(excited) E’ (ground) should 64-atom unit cells. Another possibility is the use of the con-
correspond to PLE. A & result . our égl/?:ulatq,dshould be Straint LDA method to describe the excited state. Due to the
compared with experimental PLE, not with PL or ZPL. In LDA pand-gap error, thg constraint LDA approach might be
Fig. 1 of Ref. 24, the intrinsic bulk exciton absorption peak /S0 in error. A more reliable way is to usW plus Bethe-
E,, is at 3.79 eV in ZnS with zinc-blend structure. The PLE Salpeter equation to describe the exciton. Obviously, that is

spectrumE, for single Te impurity is observed at 3.70 eV. beyond the present day computer capability. Also note that
Thus the ?mpurity binding energy derived from PLE is all the current calculations for the Stokes shifts are carried

around 90 meV. This is in fair agreement with our calculated®Ut USing pseudopotentials, it will be interesting to see the

g, Of 40 meV given the uncertainties existed in the experi-a”'eIeCtron results.

mental results. Both the theory and experiment predict ver)é ég?n-'l:llerheffect!\low v;e IWfIII dIS'CUSS lthJeTJ'cIj'.effe(.:t on
shallow impurity states. nS:Te. A schematic model for trigona istortion is

shown in Fig. Zb). Due to the difference betweeh andd,,
_ _ the T4 symmetry has been lowered down@a, symmetry.
D. Atom relaxation and Stokes shift This leads to a splitting of the sixfold degenerat§dmpu-

LDA relaxation via VFF relaxationin the above discus- rity level into e* and a$ levels. It is possible to lower the
sion the ground-state atomic positions are relaxed usingptal energy under th€;, JT distortion for the excited state
total-energy LDA calculations for the 64-atom cell. We now using the constraint LDA approach. We found that the mini-
test the accuracy of the VFF relaxation. Using the VFF re-mum energy for the excited state lies at a point with
laxed atomic positions, we recalculateg for the 64-atom  different from d, by 0.7% @d;=2.557 A and d,
cell. We find that this neve,, differs by only 10 meV from =2.540 A). This lowers the total energy by 48 meV com-
the purely LDA relaxed results. We thus believe that the VFRpared to the minimum energy undgy symmetry. This also
relaxation for the ground state is adequate. We also tested theads to ae* and ai state splittingA ;7 of ~20 meV. Even
effect of fixing the “surface atoms” of the 64-atom cubic box though we do find a Jahn-Teller splitting, this effect is too
in the charge patching method. To test that, we have relaxesimall to be used to explain the large Stokes shift. Actually,

C. Comparing the calculated binding energy to experiment
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FIG. 9. The binding energies for J€n=1,2,3,4) clusters in
ZnS. The spin-orbit interactions are not included in this calculation.

calculated Stokes shift und@g symmetry.

The role of atomic relaxation in the binding energy of the
impurity stateThe atom relaxation is one of the main factors
that affects the binding of the impurity state. Philfips
pointed out that the lattice deformations can weaken the
binding energy of GaP:N, which was overestimated by

Faulkner In our calgulation, the bjnding energy f_o_r an un- gy for Te, clustersi(a Tey, (b) Te,, (¢) Tes, (d) Tey. Note that Te
relaxed (at_oms are in the ideal zinc-blende positipiel- g st zns:Te, which has been shown in Fige)an a cross-section
atom ZnS:Te system is 0.064 eV, comparing to the bindingot. The charge densities of the three bound impurity leyets

energy Of_ 0.142 eV for a relaxed system. Thus, in our caseounting spip have been added up for these isosurface plots. The
the atomic relaxation helps the formation of a bound stateisosurface density value is 0.003 e/aRef. 3 for all (8)—(d).

instead of weakening it. Our localized impurity state is
caused probably more by the long-range strain field effeClyrface plots for the impurity wave-function squares are

than the chemical electronegativity effect. shown in Fig. 10. We have to mention that the current cluster
calculations are done only in 64-atom cells. Although their
E. Te, clusters state binding energies are larger than the single impurity states,
In a dilute ZnS:Te alloy, many experiments indicate theWhich indicate stronger localizations, it is likely that the en-
formation of Te, clusters and their corresponding localized €r9ies shown in Fig. 9 are not completely converged with
electronic states. We have calculated the electronic structuf&SPect to the supercell sizes.
of Te, clusters forn=2,3,4 using a 64-atom cell without
Sp|n'0rb|t Intel’aCtlon Thﬂ Te atomS Il’l the TreC|LlStel’ Share F. |mpur|ty state pressure Coefﬁcient
a common Zn bonding atom. The atomic positions for the . . .
clusters are relaxed using the VFF model. Figui@ Shows In most |s.oelectrc.)n|c. mpurmes, the pressure dependence
the binding energies of ZnS:Te with one Te impurity and©f the impurity level is similar to the host material. However,

H ,32
Te,(n=2,3,4) clusters. Notice that, irrespective of the Va|uer_ecently, Fang and Li fourfdt® that for a Zn$_,Te, (x
n, the number of bound impurity state inside the ZnS energy~ 0-005) sample, the pressure coefficient of a PL bersd
gap is always Gcounting the spin This is interesting since Sumed to be coming from Tg is ~89 meV/GPa,Agmuch
if the n Te atoms are far apart, there would be Bound '@rger than that of bulk ZnS band g&8.5 mev/GPR™ We
impurity states. For the Tecluster, the symmetry of this have calculated the pressure coefficient of the impurity state
system isC,, . Since its irreducible representations are all in€N€9YEq— ey . We have calculated this for the Tenpurity
dimension one, there is no degeneréeycept the spininits ~ USiNg @ large supercell and Telusters using the 64-atom
eigenenergy. As a result, the sixfold degenerated state,in Tsupercell. The results are listed in Table IV in comparison
has been split into three energy levels as shown in Fig. 9. For )
Tes, the symmetry group i€, . It contains dimension 2 and TABLE IV. The cal_cglated and experlmentglly measufiefs.
dimension 1 representations. Correspondingly, the sixfolcl:32 pressure coefficients of the photoluminescence energy re-
degenerated state in Taas been split into one fourfold de- '2t€d t0 Tg clusters. The units are meV/GPa.
generated state and one twofold degenerated state, much qugn

FIG. 10. The isosurface plots of the impurity state charge den-

the situation in JT split states. In Jiethe system regains the Ter e Tes Te
T4 symmetry as in Tg thus has a sixfold degenerated statecalculation 62.5 60.4 58.8 58.5
again. The binding energies of T¢n=2,3,4) clusters are Experiment 82 52+3 50+1 53+1

considerably larger than that for single Te impurity. The iso
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with the experimental results. Notice that, our bulk LDA order of magnitude smaller than the experimentally observed
band-gap pressure coefficients for ZnS and ZnTe are 62.Stokes shift of~560 meV. However, this is consistent with
meV/GPa and 99.2 meV/GPa, which are close to the experprevious LDA calculations for similar systeris* There are
mental results of 63.5 meV/GPa and 104 meV/GPa, respedwo possible reasons for the small Stokes shift in the calcu-
tively. For cluster Tg with n=2, the calculated results agree lation. The first one is the 64-atom cell we use in the excited-
well with the experimental results, and all are close to thestate atomic relaxation. This could be too small. The main
value of the host material ZnS. This is expected as we diseffect of the atomic relaxation in the excited state might
cussed before that the impurity states consist almost entirelygome from the long-range elastic relaxation, rather than the
of the host valence-band states. For the single Te impuritypcal relaxation near the impurity. The second possibility is
our calculated pressure coefficient is still close to the hosthe use of the constraint LDA method to describe the excited
material, but the experimental results of Faiql*1*?have  state. Notice that the large Stokes shift only exists in
a pressure coefficient of 89 meV/GPa. This could be just awalence-band-induced isoelectronic states, not in the
anomaly of the single sample measured in Ref. 32. Howevegonduction-band-induced isoelectronic states. It would be
another possible reason could be that we have calculated thvery interesting to understand why. Further work is needed to
pressure coefficient oEg—¢;,. As discussed before, this clarify this point.

should be compared with the PLE peak, not with the PL (5) Similar to the small Stokes shift, we found small Jahn-
peak. The pressure coefficient in Ref. 32 is for the PL peakTeller distortion in the excited state, which splits the original
Thus, we need to calculate the Stokes shift, and calculate thg state by 20 meV.

pressure coefficient from that. Unfortunately, our calculated (6) We have also calculated Jelusters. With increasing
Stokes shift is small, and its pressure coefficient is alsm, their impurity state binding energies increase. But interest-
small. In practice, we found that the calculated pressure cangly, for all 1<n<4, there are always sigcounting spin
efficient for E;—ey, and forEp of Fig. 1(a) is almost the  bound states inside the band gap of host ZnS. Ferafel
same. However, this could be a consequence of the failure dfe,, the systems have symmetry and the states are sixfold
the LDA method to reproduce the large Stokes shift in thedegenerated. For Jand Te, the systems hav€,, andCs,,
experiment. Further experiments and theoretical calculationsymmetries, respectively. As a result their impurity states are

are needed to clarify this point. split. We have also calculated the pressure coefficient of the
impurity states. Our calculated pressure coefficients fqr Te
IV. CONCLUSION are all close to bulk pressure coefficients of ZnS. This is

. __consistent with the fact that all the impurity states consist
In this paper we presented large scale LDA calculationsyimqst entirely of the ZnS bulk valence bands. Our calcu-

for Te isoelectronic impurities in ZnS. The largest supercellaieq pressure coefficient compare well with the experimen-
we calculated contains 4096 atoms. This was possible due {9 gata forn=2. But for T, we did not reproduce the

the newly developed charge patching method. Regarding the,normally large pressure coefficient reported in Ref. 32.
questions we raised at the end of Sec. I, we have the follow- (7) The spin-orbit interaction splits the six fold degener-

ing conclusions. o _ ated states in ZnS:Te into a fourfold degenerated states and a
(1_) Our LDA calculation indeed yields a bound state for q, hje degenerated states. The splitting is 98 meV, which is
ZnS:Te witht, symmetry and slightly above the top of va- mch smaller than the spin-orbit splitting for bulk ZnTe.

lence band. The calculated binding energy is rather smalom this, one can deduce that the impurity state wave-
about 40 meV, but it compares well with the experimentalg, o projection on the Te atom is about 4%.

PLE data.
(2) Our converged impurity state is only weakly localized
with only 16% of its wave funct_ion ?nside the 64-atom cell. ACKNOWLEDGMENTS
Thus, the 64-atom cell calculation is severely unconverged,
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