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Energy levels of isoelectronic impurities by large scale LDA calculations
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Isoelectronic impurity states are localized states induced by stoichiometric single atom substitutions in bulk
semiconductors. Photoluminescence spectra indicate deep impurity levels of 0.5-0.9 eV above the top of the
valence band for such systems as GaN:As, GaN:P, CdS:Te, and ZnS:Te. Previous calculations based on small
supercells seemingly confirmed these experimental results. However, the alrieitio calculations based on
thousand-atom supercells indicate that the impurity levels of the above systems are actually much shallower
(0.05-0.20 eV, and these impurity levels should be compared with photoluminescence excitation spectra, not
photoluminescence spectra.

DOI: 10.1103/PhysRevB.67.033102 PACS nuni®er71.15—m, 71.55-i

An isoelectronic impurity atom has the same number oftion of impurity levels, since only binary systems are fitted in
valence electrons as the host atom it replaces. For conve=PM. A more reliable way is to use theb initio density-
tional alloys, such as GaéB,_,, a single-atom substitution functional theory(DFT). A recent direct local-density ap-
will not cause a bound localized state. However, there igproximation (LDA) calculatiod? using 64-atom cells has
another class of alloygsunconventional where a single- vyielded shallower energy levels of 0.41 and 0.22 eV for
atom substitution will induce a localized electronic state.GaN:As and GaN:P, respectively. Similarly, 64-atom cells
This often happens when the atomic sizes or the electrondrave been used to calculate CdS:Te and Zn& ®étaining
gativities of the substituting and the substituted atoms arémpurity levels of 0.19 and 0.29 eV, respectively, above the
sufficiently different. top of the valence band. All the aboa® initio calculations

Since Thomas and co-workérsidentified a series of use relatively small supercell§4 atomg, and obtain deep
sharp lines in GaP:N and a broad fluorescence peak iimpurity levels. They seem to confirm a widely held belief
CdS:Te(Ref. 3 more than 30 years ago, researchers havehat the valence-band-induced isoelectronic levels in such
tried to understand the mechanism of such isoelectronisemiconductor systems are deep and strongly locafizéd,
bound states. Various models have been proposed. Hopfiekthd the widely practiced 64-atom cell calculations are ad-
et al* emphasized the different electronegativities betweerequate.
the isoelectronic impurity atom and the host atom. Depend- In this work, we use newly available large-scale LDA
ing on the increase or the decrease of the electronegativitynethods to study the valence-band-induced isoelectronic lev-
the bound state can be classified as a conduction-baneis in GaN:As, GaN:P, CdS:Te, and ZnS:Te of zinc-blende
induced isoelectronic statée.g., GaP:N and ZnTe)Oor  structures. Although the LDA is strictly valid only for sys-
valence-band-induced isoelectronic stéeg., ZnS:Te and tems in their ground state and underestimates the band gaps
GaP:B). Allen® considered the lattice deformation due to of semiconductors, it does describe the valence band accu-
different sizes of impurity atoms. This deformation causes aately and has been used successfully to study valence-band-
strain field effect that is related to the bulk deformation po-related electronic properties such as the band offéeftbus
tential of the host. Philligsfurther argued that the electron we believe it can be used to describe valence-band-induced
polarization and screening can also play an important roleimpurity levels without further corrections. The challenge
which can significantly reduce the binding energy. Morehere is the large scale of the required calculations. Using
guantitatively, one can use the one-band one-site Kostesupercells containing 512—4096 atoms, we show that the im-
Slater model, which uses the bulk one-band Green’s func-purity energy levels are shallower than previously calculated
tion to describe the eigenvalue equation of the bound impuresults. Furthermore, they should be compared to experimen-
rity state. Multiband modefs have also been used to tal photoluminescence excitatigRLE) spectra, rather than
calculate these impurity states. the PL spectra. In contrast to what was previously believed,

Besides model calculations, realistic numerical methodshe impurity states are weakly localized, with their wave
can also be used to study these systems. The tradition&linctions spreading outside the 64-atom cells. The relatively
methods are the Green’s-function mettbaisd parametrized deep binding energies obtained in previous small cell calcu-
tight-binding method$® Recently, empirical pseudopotential lations are artifacts caused by state-state couplings between
methods(EPM’s) and directab initio methods have become neighboring impurities.
possible for such studies. An earlier calculation using EPM In this study we use a self-consistent LDA plane-wave
(Ref. 1]) yielded GaN:As and GaN:P impurity levels as 0.75 pseudopotential method. We have used norm-conserving
and 0.61 eV, respectively, above the top of the valence banghseudopotentials. For Zn atoms we have includeditakec-
These levels seem to agree well with the experimental phatrons in the valence band, but nonlinear core corrections are
toluminescence&PL) results, which indicate corresponding used for Ga and As. A 35-Ryd kinetic energy cutoff for the
levels of 0.91 and 0.59 eV above the top of the valence banglane-wave basis set is used for GaN:As, GaN:P, and
However, there are some uncertainties in the EPM calcula€dS:Te, while a 70-Ryd energy cutoff is used for ZnS:Te.
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The LDA bulk lattice constants and bulk band structures 440 [DA-rela ()GaN.As| 280 [ a—LDArelax (b)GaN:P
agree well with the all-electron linear augmented plane-wave :28 I 240
(LAPW) results. 320 L 200 -

While we have been able to calculate 512-atom systems 280 L 160
directly for GaN:As, GaN:P, and CdS:Te using a parale! o0 e A gl gL spaSvI
initio program®® to go beyond this supercell size is difficult. g 200 (‘)‘ 403 8(‘)0 12'00 16‘0‘0 2000 O 40(: 8(‘)0 ]2‘00 ]6'03 000
In order to calculate even larger systems, we have deployed 5 _ [ (c)Cds:Tel 160 | (A)ZnS:Te
a “charge patching method(CPM).1® In the CPM, the full 20 0l
self-consistent solution to the Kohn-Sham equations is cal- 200 - CPM
culated for a 64-atom supercell that contains an isoelectronic w60 | o1
impurity at its center. The atomic positions within this 64- +LDA-512VFF 40 CPM__ 40%
atom cell are relaxed using a valence force fi¢\d-F) oAb L T —
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model. For a larger supercell with one impurity at the center, Size of the system (atoms)

the previously calculated 64-atom cell charge density is used
for the center cube, and the bulk charge density is used for FIG. 1. Binding energies ofa) GaN:As,(b) GaN:P,(c) CdS:Te,
the outer region. This generates the charge density of  and(d) ZnS:Te as functions of the size of the supercell. The vertical
the large supercell without doing self-consistent calculationsarrows indicate different supercell sizes. The eigenenergies are cal-
The potentialV(r) of this large system can then be calcu- culated at thd™ point.
lated fromp(r) using the LDA formula. Next, the single-
particle SchroedingefKohn-Sham equationH ¢ =¢€;¢; is  triangles in Fig. 1are smaller than the CPM results by about
solved using the folded spectrum methbtbr a few states 58 meV for GaN:As, 33 meV for GaN:P, and 40 meV for
near the band gap. This method changes the original equati@@dS:Te. A major contribution of this energy difference is due
into (H—Eer)?¢i=(€—Erer)?y; (WhereE, o is an arbi-  to a “strain-relaxation” effect. When the outside atoms can
trary energy inside the band gagnd uses energy minimiza- be relaxedas in LDA-512VFB, the 64-atom cube expands
tion to solve the band edgg . For full details of the charge slightly. This lowers the level of the VBM. Since the impu-
patching method, see Ref. 16. rity state consists mainly of host valence bands, and their
Two aspects of the above procedure are worth checkingamplitude is greatest within the 64-atom cube, the energy of
The first is the accuracy of the VFF model used for atomicthe impurity state is also lowered. Although Fig. 1 shows
relaxation within the 64-atom cell. To check this, we havesome finite errors for the CPM procedure, we believe this
relaxed the atoms in the 64-atom cell with full LDA forces CPM correction is additive upon larger systems, since the
and energiesto be called LDA relaxed The second is the larger system should have basically the same atomic relax-
accuracy of the CPM. This includes the accuracy of theation effects as for the 512-atom systems.
patched charge density and the fact that in CPM, the atoms A more guantitative way to estimate the strain effect is to
outside the 64-atom cube are not relaxed, but are in theitalculatee,, .= f|¢im(r)|2e(r)d>r, wherey;(r) is the cal-
ideal zinc-blende positions. To test this, we have relaxed altulated impurity wave functioas will be shown in Fig.
the atoms in a 512-atom cell using VFF, then calculated thend e(r) is the local hydrostatic volume strain calculated
resulting system with a full self-consistent LDA meth@id  from the VFF atomic positions as described in Ref(dsing
be called LDA-512VFF. A 22X 2 k-point grid is used for  the local natural bond length as the referencdsing
the 64-atom LDA calculations, and equivalentlyk point is
used for the 512-atom LDA calculations. The eigenenergies

given by these schemes are estimated to be withtnmeV 0.025
of those given by densér-point sampling meshes. 0.02
Our results using the CPM method and the direct LDA 0.015
method are summarized in Fig. 1 for tli@ GaN:As, (b) 0.01
GaN:P,(c) CdS:Te, andd) ZnS:Te systems. Shown in Fig. 1 0.005
is the single-particle impurity binding energy,, defined as 0
€im— &ypm at thel” point. Here g;,, is the impurity eigenen-
ergy, andsygy is the bulk valence-band maximu(@BM), 0.020
which is aligned by compariny/(r) at the corner of the 0.015

supercell with the bulk system. The impurity state has a 0.010

symmetry, thus it has threefold degeneracy. Calculations

have been performed for 64-, 512-, 1728-, and 4096-atom

supercells. 0
In the 64-atom cells, the LDA-relaxed calculatiofmpen

triangles in Fig. 1 give almost the samg@vithin 10 me\) gy,

as the VFF-relaxed calculations, indicating the adequacy of F|G. 2. Wave-function charge density of the impurity states of

the VFF method. Furthermore, whether or not we fix theGaN:As at(001) cross sectionga) 64-atom supercell contains one

“surface atoms” of the 64-atom cubes makes practically noAs impurity. (b) 1728-atom supercell contains one As impurity. The

difference toe,, (within 2 meV). The LDA-512VFFe,, (filled z-axis unit is 1/3e/a.ud. a is the GaN lattice constant.

0.005
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fully VFF relaxed 1728-atom systems, we gef,. ! T G !
=—0.053-0.033,-0.023,-0.003 for GaN:As, GaN:P, o3} C{osp
CdS:Te, and ZnS:Te, respectively. If the absolute deforma os;
tion potentials are taken to be on the order of 1!2¥en the 04}
corresponding strain effects in the impurity state energies ar
on the order of 50 meV.

The major effect shown in Fig. 1 is the significant de-
crease of the CPM-calculateg, from 64 atoms to 512 at- g sf
oms. Thes, more or less converges at 1728 atoms. It show® |
that the impurity states in these systems are indeed bour
states, although not as strongly bound as previous calcul:
tions indicated. Note that, if the additional corrections to the ]
CPM results are also taken into account as indicated in th % 5 10 15 20 25 3 3 0 5 10 15 20 25 30 35
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LDA-512VFF of Fig. 1, the reduction of, is even larger. Radius(A)
A_ISQ note that, in the 64-atom _Ce" calculatlpns,s Gy 1S FIG. 3. Charge accumulation functi&(R) of impurity states
similar to those reported in previous calculatidhs’ of (a) GaN:As, (b) GaN:P,(c) CdS:Te, andd) ZnS:Te.R indicates

The increase i, as the size of the system decreases cafhe distance from the impurity atom. All the supercells contain 1728
be partially explained as the coupling between neighboringitoms. The dotted curves show the uniform charge result. The ar-
impurity states in the small systems. The interaction of thesews indicate the boundaries of the 64-atom cells.
states forms a bond wave function at thepoint, which is
high in energy for the valence bands, thus increasing:the the other impurity states shown in Fig. 1.

To analyze this more quantitatively, we have calculated the A more quantitative way to judge the real-space localiza-
energies at théX k-point (7/2a,0,0) of the 64-atom cell, tion is to examine the “charge accumulation” function, de-
where a is the lattice constant. The impurity energies arefined asQ;(R)=/§¥;(R)|?dR, whereR is a spherical ra-
lower than thd” point results by 206, 238, 116, and 54 meV dius centered at the impurity atom. Figure 3 showsQheR)

for GaN:As, CdS:Te, GaN:P, and ZnS:Te, respectively. Theséor the impurity states in GaN:As, GaN:P, CdS:Te, and
energy dispersions are on the same order as the energy dropsS:Te, all calculated from the 1728-atom supercells. The
in Fig. 1, confirming the fact that a large part of the energy“charge accumulation” functions for uniform charge densi-
drops in Fig. 1 is indeed due to the removal of the neighboties are also shown as dotted curves for comparison. From
impurity state coupling. The interaction of these neighborFig. 3, we can make the following observatiofi$:The solid
states can be further understood by looking at the wave funeurves approach 1 faster than the dotted curves, indicating
tions. localization in real spacdii) GaN:As has the strongest lo-

Figure 2 plots wave functions of the impurity states in calization, and ZnS:Te has the weakest. This is in agreement
GaN:As for (a) the 64-atom cell andb) the 1728-atom su- with the converged binding energies shown in Fig(iil) At
percell. The impurity As atom is at the center of the cell box.the boundary of the 64-atom ceihdicated by the vertical
In the 64-atom cell, strong peaks exist near the As site, aarrows in Fig. 3, Q;(R) is only about 16% to 78%. That
well as at the N atomic sites. It is difficult to tell whether or means, for the converged wave functions, depending on the
not this state is a bound state. Interactions between neighbatase, 22—84 % of the wave function charge density is outside
ing impurity states clearly exist, since significant peaks existhe 64-atom cell. Thus the 64-atom cell is not large enough,
on the “cube surface” N atoms. In the 1728-atom large su-and these impurity states are only weakly localized.
percell, the localization of the impurity state becomes clear. We now compare our calculated single-particle impurity
It is a bound state, but with long-range tails in tfELO) binding energye,, with the optical measurements. We have
direction. In reciprocal space, one can project the impuritylisted our calculated, in the fifth column of Table |. Note
wave function into the host crystal bulk states at varikus that, to get the best estimate of our calculatgd we have
points. We find that for the 64-atom GaN:As cell, the impu-taken into account the CPM corrections discussed above, and
rity state has 50.3% at tHe point, while that number drops added that to the converged CPM energies shown in . 1.
to 5.2% for the 1728-atom cell. This is exactly how a local-We have also listed the available optical measurements in
ized state should beha?®We found similar behavior for all Table 12272° The experimental situations for these systems

TABLE I. Experimental data for GaN:A&Refs. 20 and 2]l GaN:P(Refs. 20 and 2]l CdS:Te(Ref. 22,
and ZnS:TeRef. 23 of binding energy, defined by PL, ZPL, and PLE energies and the bulk bandggap
The data in fifth column are the present LDA calculations with large supercells. The unit of energy is eV.

Material ep(Eg-PL) ep(Eg-ZPL) ep(E4-PLE) ep, (present calg.
GaN:As 0.91 0.287 unknown 0.226
GaN:P 0.59 0.232 unknown 0.103
CdS:Te 0.48 0.22 0.092 0.14
ZnS:Te 0.65 0.4 0.09 0.04
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are far from perfect. For example, there are problems of im-
purity concentration estimation, peak identification, and clus-
tering effects. Nevertheless, a few experiments have been
carried out for these systems, especially for their optical
spectra. The most reliable optical signal is the PL spectra.
However, unlike the conduction-band-induced isoelectronic
states, for the valence-band-induced isoelectronic states stud-
ied here, even for relatively small impurity concentrations
(2x10"¥cm?), one finds a broad PL spectra pe@k few
tenths of an ey?* This indicates strong electron-phonon
coupling. For all these systems, there are experimental esti-
mates of the zero-phonon lindZPL’s). For CdSe:Te and
ZnS:Te, there are also experimental estimates of PLE ener-
gies caused by the impurity states, though the accuracy of FIG. 4. Configuration coordinate diagram for LDA total-energy
these estimates is not as good as for PL. Note that the ZPtalculation. The configuration coordina@eis an overall description
and PL can differ by a few tenths of an eV. In previousfor the atomic position of the system.

11-13
WOI‘.k, the calculated:, have been compared to the ex- GaN:P are not known, our, is smaller than the experimen-
pgnmental PL(Ref;. 11 and 1Band ZPL(Ref. 12 values. tal E,-ZPL, consistent with our argument.

Given the large difference between the PL, ZPL, and PLE  |\"symmary, we have reported the electronic structures of
values, a more careful analysis is needed here Bgurey is  valence-band-induced isoelectronic levels in 111-V and 11-VI
very close to the total-energy differen&g,cied Egrouna»  semiconductors. We found théd the widely used 64-atom
whereE.,.iteqiS @ LDA total energy calculated under a self- unit-cell calculations are not converged and there is a strong
consistent constraint LDA approach: one impurity state iscoupling between neighboring impurity statés) the cur-
unoccupied, one of the lowest conduction-band states is o¢ent ideas regarding these impurity states as strongly local-
cupied, and the same atomic positions are used as iied deep impurity states are inappropriate; the binding en-
Eground- FOr example, for ZnS:TeEeycited— Eground and ergies of these impurity states are in the range of 50-200
Eq— ¢y, differ by only 4 meV in a 64-atom calculation. In a MeV, not in the range of 500-900 meV; afil) the calcu-
Franck-Condon pictufé25 as shown in Fig. 4, the above Iatgd impurity eigenenergies should be compared with ex-
Eexcited @Nd Egroung have the same “configuration coordi- perimental PLE results, not PL results.

nate Q,” thus Egycited— Egrouna Should correspond to the  This work was supported by the U.S. Department of En-
PLE. Hence here our calculateg should be compared with ergy, OER-BES, under contract No. DE-AC03-76SF00098.
the experimental PLE, not the PL or ZPL values. In thisThis research used the resources of the National Energy Re-
regard, our calculated results agree well with the experimensearch Scientific Computing Center, which is supported by
tal results. Although the experimental PLE’s for GaN:As andthe Office of Science of the U.S. Department of Energy.
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