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Effect on chlorine incorporation as Mg is alloyed into ZnSe
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We have investigated chlorine incorporation in ZnSe and ZnxMg12xSe through both modeling and experi-
ment. Solubility issues, native defects and chlorine-impurity-related defects have been studied using theab
initio full potential linear muffin-tin-orbital method. Our calculations indicate that the addition of Mg reduces
the formation energy for chlorine on the Se site, thereby predicting increased solubility. Subsequent chlorine
doping experiments in ZnxMg12xSe using molecular beam epitaxy indicated significantly higher chlorine
incorporation in the presence of magnesium, directly supporting the prediction of the calculations. Calculations
support the strong tendency for the formation of a defect complex between a chlorine impurity at the Se site
and a vacancy at the neighboring Zn site for heavyn-type doping. The formation of this defect serves to
compensate, i.e., negate, the chlorine as ann-type dopant. Experimental observations indicated that significant
compensation occurs for heavy Cl doping. There are competing mechanisms that contribute to the effect of
magnesium on chlorine when used as ann-type dopant in ZnSe. First, the formation energies for chlorine
substituting for selenium decrease in the presence of magnesium. Second, the formation energies of the
ClSe-VZn complex also decrease. Finally, the band gap increases in the presence of magnesium, decreasing the
net electron concentration at room temperature. Thus, the net effect of adding magnesium is todecreasethe
maximum achievable carrier concentration through the use of chlorine as ann-type dopant.

DOI: 10.1103/PhysRevB.66.165222 PACS number~s!: 61.72.Bb, 61.72.Ji, 61.72.Vv
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I. INTRODUCTION

The wide-band-gap semiconductor ZnSe and its a
ZnxMg12xSe are of active interest for potential electroop
applications. This materials system can be used for dev
operating in the blue to ultraviolet spectral region. Wh
GaN and its alloys are currently more commercially viab
for these efforts,1 the ZnSe alloy system continues to be
interest. In the literature, the role of defects and defect co
plexes in ZnSe withn-type andp-type doping has been re
peatedly addressed.2–9 Many of these defects can act as co
pensating centers reducing the maximum achievable ca
concentration. In the case of chlorine doping in ZnSe, th
retical results7 have indicated that the substitutional-chlorin
zinc-vacancy complex is the most probable candidate for
compensating center. Using positron annihilation exp
ments, Saarinenet al.10 recently identified zinc vacancies i
n-type ZnSe:Cl. The defect complex ClSe-VZn has been sug
gested to be formed in heavily Cl-doped ZnSe.11,12 Indeed,
Akimoto et al.12 suggested that the concentration of the zin
vacancy is of the same order of magnitude as that of fo
coordinated Cl which is incorporated in the Se lattice site

The addition of magnesium to form ZnxMg12xSe in-
creases the bandgap, lowers the index of refraction,13 and
allows tailoring of the lattice constant. These effects ma
ZnxMg12xSe attractive for heterostructure devices where
tical or electrical confinement is desired. Calculations
Okuyama et al.14 showed an increase of band gap
ZnxMg12xSe from 2.6 eV for ZnSe to 3.7 eV for MgSe~in
zinc blende structure! in close agreement with their quote
experimental values of 2.7 and 3.6 eV, respectively. Ch
rine, as the most successfuln-type dopant in ZnSe, is also th
0163-1829/2002/66~16!/165222~9!/$20.00 66 1652
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best candidate forn-type doping in ZnMgSe. However, ex
perimental results have been disappointing. The data by
reira et al.15 indicate that the highest electron concentrati
decreases with increasing Mg content in ZnMgSe. In parti
lar, they suggest that the chlorine’s solubility is lowered
the addition of Mg. Therefore, to gain an understanding
the issues involved, we used theab initio full potential linear
muffin-tin-orbital method to model native defects an
chlorine-related defects in ZnSe and ZnxMg12xSe. We fo-
cused on the relative changes in the electronic proper
with increasing Mg content, and our theoretical results
compared with our own most recent experimental results
well as previous work.

II. COMPUTATIONAL APPROACH

A. FP-LMTO method

An ab initio full-potential linear combination of muffin-
tin orbitals ~FP-LMTO! method, including a force
routine,16–20 was used for this calculation. The electro
exchange-correlation was treated in the local-density
proximation ~LDA ! with the Ceperly-Alder21 exchange-
correlation function parametrized by Perdew and Zunge22

Atomic forces were calculated using the Hellman-Feynm
theorem.23 Detailed information about this method can b
found in Refs. 16–20 and 24.

In all calculations reported in this paper, zinc 3d electrons
were treated as valence electrons, while Se 3d electrons were
included in the core. Four to six wave number paramet
(k ’s16–20! were used, that is two commonk ’s for all the
elements and an individual one for each element. For
orbital with a given angular momentum, eachk creates its
©2002 The American Physical Society22-1
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own subset of basis functions. Two orbitals with the sa
angular momentum but with a different principal quantu
number are included by placing them in different ener
windows. As a result, eleven to twenty-three muffin-ti
orbital basis functions in two energy windows were used
each Mg, Zn, Se, and Cl atom. Scalar relativistic correcti
were included, but not spin-orbit coupling. For the charg
defects, a neutralizing uniform background charge was u
to avoid long-range Coulomb interactions. To account for
effect of the background charge on the formation energ
we applied a monopole correction~energy of a lattice of
point charges immersed in neutralizing jelium! e2Q2a/Le,
whereQ is the charge of the defect,a is the Madelung con-
stant,e is the dielectric constant, andL is a lattice constant o
the supercell.24 For example, the magnitude of this correctio
is 0.27 eV for the singly charged chlorine substitution f
selenium (ClSe)

11. This correction affects only the absolu
values of the formation energies and does not change
dependence on magnesium concentration. Because of
and the fact that other corrections are much smaller, for
present publication we restrict ourselves to this term on
We also neglected changes related to variation ofe.

Most of our calculations were performed using a 32-at
supercell. Different concentrations of Mg were achieved
substituting one, two, or three Zn atoms with Mg atoms
this 32-atom supercell. Thus, three ZnMgSe allo
Zn0.94Mg0.06Se, Zn0.87Mg0.13Se, Zn0.81Mg0.19Se, and pure
ZnSe were considered. Lattice relaxation around the def
has been shown to be significant for ZnSe in previo
work.3,7,8,25This is even more important for the present c
culation since the differences among the formation ener
of the same defect in ZnxMg12xSe is very small for different
Mg content. Therefore, we consider lattice relaxation arou
defects for most cases presented here.

In order to minimize the numerical discrepancy, all calc
lations for a material have been performed using superc
with identical symmetry and the samek points in the Bril-
louin zone. In this approach, most of the numerical err
associated with the limited sampling of the Brillouin zo
cancel each other. Tests were performed to insure that
size of the supercell and number ofk points do not affect the
final results.

B. Formation energy of defects

In the calculation of the defect formation energy, one h
to compare the total energy for a supercell with a defect
the total energy for the corresponding perfect supercell. F
mation energyEf of the defect of typeDn with chargen is
calculated as

Ef5TEdefect1mdefect1nme2TEperfect,

where TEdefect is the total energy of a supercell with a defe
TEperfect is the total energy of a corresponding perfect sup
cell, me is the electron chemical potential~Fermi level! mea-
sured with respect to the valence-band maximum, andmdefect
is the change in chemical potential due to removing or s
stituting atoms necessary to form a defect. This change
be expressed as:
16522
e

y

r
s
d
ed
e
s,

r

he
is,
e
.

y

s

ts
s
-
s

d

-
lls

s

he

s
d
r-

,
r-

-
an

mdefect5H mSe2mCl for ClSe,

mZnSe2mCl for ClSe2VZn ,

mZn for VZn ,

wheremSe, mZn , mCl , andmZnSeare the chemical potential
of the Se, Zn, Cl atoms, and ZnSe pair in ZnSe. In turn,mSe,
mZn , andmZnSe can be obtained as

mSe5mSe
bulk2lDH,mZn5mZn

bulk2~12l!DH,

mSe1mZn5mZnSe5mSe
bulk1mZn

bulk2DH,

where DH is the heat of formation of ZnSe, parameterl
varies from 0 to 1,l50 for Zn rich, andl51 for Se rich.
For the chemical potential of a chlorine atom (mCl), we used
the total energy of a single isolated chlorine atom. This om
effects of the solid state environment on the chlorine ato
In addition, the LDA calculations with the Ceperly-Alder21

exchange-correlation function parametrized by Perdew
Zunger22 ~as used for the rest of the calculation! were not
designed for use on isolated atoms. Therefore, there ma
a significant computational error associated withmCl . How-
ever, this error can only affect absolute values, while
differences between formation energies as presented in T
II are still reliable.

The density functional theory~DFT! is designed only to
accurately calculate the total energy and charge density
the ground state of matter. As such, DFT usually undere
mates the band gap by a factor of two. For example,
ZnSe the calculated band gap is 1.2 eV~present calculations!
in comparison with the experimental value of about 2.6 e
Despite this fact, it is commonly accepted that the dispers
of valence and conduction bands are calculated quite a
rately in the framework of DFT. This statement has be
supported not only by the ability of DFT to explain expe
mental observations but also by calculations that inclu
many-body corrections~e.g., Refs. 26, 27!. In this publica-
tion, we will follow the standard approach and increase
band gap to its experimental values. The fact that we
using our calculations to understand trends due to the a
tion of magnesium relies more on the ability to calculate
dispersion of the levels rather than the absolute magnitu

To study the effects of the size of the supercell on resu
we compare the formation energy of ClSe

11 and ClSe
0 in both a

32-atom supercell and a 64-atom supercell in Table I. T
energy difference for two different supercell sizes is less th
0.05 eV and quite acceptable for our purposes.

TABLE I. Defect formation energy of ClSe
11 and ClSe

0 in ZnSe for
32-atom and 64-atom supercell with the energies given in eV.
calculated value for the heat of formation (DH) is 1.4 eV for ZnSe.

Defect ~Cell Size! Formation Energy

(ClSe)
0 (32) 1.361lDH

(ClSe)
0 (64) 1.321lDH

(ClSe)
11 (32) 20.591lDH1me

(ClSe)
11 (64) 20.621lDH1me
2-2
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TABLE II. Defect formation energy in ZnSe and ZnMgSe, all the energies given are in eV

Defect Formation Energy

(ClSe)
0 1.361lDH

pure ZnSe (ClSe)
11 20.591lDH1me

~32 atom supercell! (ClSe-VZn)
12 2.032me

(VZn)
22 4.412lDH22me

(ClSe)
0 1.221lDH

Zn0.94Mg0.06Se ~one Mg atom located as (ClSe)
11 20.821lDH1me

the nearest neighbor of Cl in 32 atom supercell! (ClSe-VZn)
12 1.902me

(VZn)
22 4.502lDH22me

(ClSe)
0 1.021lDH

Zn0.87Mg0.13Se ~two Mg atoms located as (ClSe)
11 21.031lDH1me

the nearest neighbors of Cl in 32 atom supercell! (ClSe-VZn)
12 1.752me

(VZn)
22 4.602lDH22me

(ClSe)
0 0.911lDH

Zn0.81Mg0.19Se ~three Mg atoms located as (ClSe)
11 21.201lDH1me

the nearest neighbors of Cl in 32 atom supercell! (ClSe-VZn)
12 1.622me

(VZn)
22 4.722lDH22me

Zn0.81Mg0.19Se ~three Mg atoms located as
the third neighbors of Cl in 32 atom supercell! (ClSe)

11 20.671lDH1me
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In addition to the inherent problems associated with
LDA-DFT calculation and potential limitations of a rela
tively small 32-atom supercell, the uncertainty in the defi
tion of chemical potentials@especially of a chlorine atom
(mCl)] could cause errors in the absolute values of the f
mation energies given in Table II. However, the main emp
sis of this publication is to trace the relative change of
formation energy and thus the pinned Fermi level for Z
MgSe alloys with different Mg contents. The relativ
changes in these values are much less sensitive to the a
mentioned limitations of the calculations, and therefo
much more reliable.

III. EXPERIMENTAL APPROACH

ZnSe thin films were grown in a custom molecular be
epitary ~MBE! system at West Virginia University on sem
insulating~100! GaAs substrates using procedures discus
previously.28 Chlorine-doped ZnSe layers were grown on
undoped 0.35mm buffer layer with a total thickness of 2 t
2.4 mm at 300°C with a growth rate of;0.33mm/h. High-
purity elemental zinc, magnesium, and selenium were u
from conventional MBE sources. Chlorine doping w
achieved using a standard effusion cell with ZnCl2 as source
material. Growth occurred under slightly Se-stable con
tions determined by monitoring the disappearance of the
stable@010# c(232) reflection high-energy electron diffrac
tion ~RHEED! reconstruction.29 Secondary ion mas
spectrometry~SIMS! measurements were made at Char
Evans and Associates~Sunnyvale, CA! to determine the dop
ing concentration profiles of chlorine in ZnSe an
ZnxMg12xSe samples using Cs1 ions. Measurements o
chlorine in ZnSe and ZnxMg12xSe indicated minimum de
tectabilities of 531015 and 131016 cm23, respectively. Ab-
solute concentrations were determined using a chlorine s
16522
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dard prepared by ion implantation in a thick MBE ZnS
layer. Magnesium percentages were also determined u
direct comparison to a ZnMgSe standard whose Mg conc
tration was determined using x-ray diffraction. Lattice co
stant measurements were determined using the Bond me
with a Si single crystal as a monochromator for x-ray diffra
tion using CuKa1 radiation.

Hall measurements were performed using a typical K
thley Instruments Hall effect setup. Indium contacts solde
to the samples were ohmic, and measurements were m
using the standard Van der Pauw geometry.

IV. RESULTS AND DISCUSSION

A. Lattice constant in Cl-doped ZnMgSe alloy

The equilibrium lattice constant was found to be 5.628
for pure ZnSe. The lattice relaxation around the isola
ClSe

11 defect resulted in an increase by about 6.7% for
four ClSe-Zn bonds. The relaxation around the (ClSe-VZn)

12

complex is more complicated. In this complex, the ClSe-VZn
bond length increases about 3%, the three VZn-Se bonds de-
crease about 5% and the three ClSe-Zn bonds increase les
than 2%~see Fig. 1!. We would thus expect an overall in
crease in lattice constant due to significant concentration
(ClSe)

11 centers, and almost no change in lattice const
due to (ClSe-VZn)

12 complexes. In addition, we calculate
the lattice constant of zinc blende ZnCl to be 6.0 Å. Thu
our calculations predict that the addition of Cl will lead to
net increase in lattice constant, while (ClSe-VZn)

12 complex
formation will not contribute to this lattice expansion. Th
above changes in bond lengths should be treated as lo
limits on actual values because of the limitations imposed
using a ~relatively limited! finite number of atoms in the
calculations.
2-3
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Consistent with our predictions, Ohkawaet al.30 showed a
dramatic increase in lattice constant with Cl doping in t
regime where heavy compensation is not expected. We
tended these measurements up to Cl concentrations
31019 cm23, where heavy compensation occurs. We o
served a continuing increase in lattice constant for increa
Cl concentration, but at a rate less than that indicated by
data of Ohkawaet al. A Vegard-law-type extrapolation fo
our data indicated a lattice constant of 7.1 Å would occur
Cl occupying 100% of the Se sites, while the data of Ohka
et al.’s data would indicate an even larger value. The co
tinuing increase in lattice constant in compensated mate
can be understood by the fact that high compensation
quires the sample to have a near equal number of (ClSe)

11

and (ClSe-VZn)
12 centers, with the net lattice expansion d

to the (ClSe)
11 being the dominant effect.

Of interest, an x-ray absorption fine structure measu
ment on the ClK absorption edge by Maruyamaet al.31

found experimental bond lengths of 2.5 and 2.8 Å for
nearest neighbors in heavily Cl-doped ZnSe. They assig
the experimental bond length of 2.5 Å to the ClSe-Zn bond
for isolated (ClSe

11) by assuming the Cl will not significantly
perturb the lattice, and thus by default assigned the 2.
bond to the ClSe-Zn bonds in the (ClSe-VZn)

12 complex. Our
results indicate that the opposite assignment is more lik
with reasonable agreement between our calculated re
~2.6 Å for the ClSe-Zn bond around isolated ClSe

11 , and 2.5 Å
for the ClSe-Zn bonds in the ClSe-VZn

12 complex! and the two
measured values. Clearly more work is required befor
definitive experimental assignment can be made.

The equilibrium lattice constants for ZnSe and ZnMg
alloys with different Mg content were also calculated. W
obtained the following lattice constants 5.628, 5.646, 5.6
and 5.682 Å for pure ZnSe, Zn0.94Mg0.06Se, Zn0.87Mg0.13Se,
and Zn0.81Mg0.19Se, respectively. We also calculated the l
tice constant of zinc blende structure MgSe, to be 5.921
The calculated lattice constants of ZnSe and MgSe ar
good agreement with the experimental values of 5.668
5.890 Å for ZnSe and MgSe, respectively. For the ZnMg
alloy, all these calculated lattice constants follow Vegar
law ~See Fig. 2!.

FIG. 1. Lattice relaxation around ClSe
11 and (ClSe-VZn)

12 com-
plex in ZnSe. The center of the zinc vacancy is defined as
position of a zinc atom in a perfect lattice. The bond lengths
given in percent of the bond length in the ideal lattice.~a! is for the
ClSe

11 and ~b! is for the (ClSe-VZn)
12 complex.
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B. Mg location in ZnMgSe:Cl alloy

Our calculations indicated that, without the presence
chlorine, magnesium atoms do not have preferential p
tions in the ZnMgSe alloy. We came to this conclusion af
considering two special supercells. While both of them co
tained three Mg atoms, the spatial configurations of th
atoms are very different. In the first supercell, all three M
atoms are located at sites marked as 3 in Fig. 3. In
geometry, Mg atoms are as close to each other as poss
and they are also the nearest neighbors of the atom at s
~this is the site we used for chlorine substitution!. In case
two, the Mg atoms are located at sites marked 7 in Fig. 3
this geometry, Mg atoms are one zinc site apart from e
other ~at the second nearest zinc sites to each other!.

e
e

FIG. 2. Lattice constant vs Mg content for ZnxMg12xSe alloys.
The points~from left to right! in the figure represent the calculate
lattice constant for Mg content of 0, 6.25, 12.5, 18.75, and 100
respectively. It implies that the lattice constant of ZnxMg12xSe al-
loy agrees with Vegards Law.

FIG. 3. Structure of ZnSe. To get the preferred locations of M
atoms, two configurations are considered in Zn0.81Mg0.19Se ~three
Mg atoms in the 32-atom supercell!. The first case has all three M
atoms at sites marked by 3, and in the second case the Mg atom
located at sites marked by 7. Site 2 is the position for the subs
tional chlorine atom when chlorine is used as a dopant.
2-4
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In the absence of chlorine, the total energy difference
tween these two cases is less than 0.05 eV. The first cas~all
Mg are nearest neighbors! has the lower energy. Since th
difference is small~it is about the same order as numeric
error in our calculations!, we believe there is no site prefe
ence for the magnesium atoms. That means the ZnMgSe
random alloy, rather than an ordered alloy as seen in s
other materials such as CuZn and AuCu.32

Completely different results were obtained when a se
nium atom at site 2 is substituted by a chlorine atom. T
total energy of the first supercell~with three Mg atoms as the
nearest neighbors of Cl! is 0.57eV lower than for the secon
supercell~Mg atoms are located at the second nearest z
sites with respect to Cl!. Thus, it is energetically favorabl
for Cl and Mg to be the nearest neighbors. Therefore,
Table II we considered supercells with geometry where
atoms are in positions as nearest neighbors to chlorine at
Only one case, when Mg atoms are in the positions as
third nearest neighbors~the second nearest zinc sites! to
chlorine atoms, is presented for comparison to illustrate
large difference in total energy.

Qualitatively, the preference of Cl for Mg-rich regions ca
also be explained by comparing the heat of formation
MgSe ~2.93 eV!, MgCl2 ~6.65 eV!, ZnSe ~1.65 eV! and
ZnCl2 ~4.31 eV!.33 The difference in heat of formation be
tween MgCl2 and MgSe is 3.72 eV, and the difference b
tween ZnCl2 and ZnSe is 2.66 eV. Therefore, one can e
mate that the energy difference between Mg-Cl and Mg
bonds is higher than between Zn-Cl and Zn-Se bonds. W
a chlorine atom substitutes for a Se atom in ZnMgSe, it w
more likely occupy a Se site with more Mg neighbors, b
cause the resulting Mg-Cl bonds lower the energy of
system. In our case, in the first supercell, as described ab
the chlorine atom at site 2 has three Mg atoms and only
Zn atom as nearest neighbors. It is likely that if such
arrangement exists the chlorine will substitute for the se
nium atom there and form three Mg-Cl bonds. In superc
two, the chlorine atom would have four Zn atoms as nea
neighbors, and therefore only Zn-Cl bonds are form
Therefore, this analysis also supports our prediction t
chlorine always favors substituting for the selenium at
with more Mg atoms as neighbors, and our calculated 0
eV difference is also reasonable in magnitude.

C. Defect formation energies in ZnSe and ZnMgSe

In this paper, we only considered formation energies
the following defects: chlorine substituting for seleniu
~neutral ClSe

0 and single positive charge ClSe
11 states!, a zinc

vacancy ~double negative charge VZn
21 state! and, a

(ClSe-VZn)
12 complex. All formation energies were calcu

lated in pure ZnSe and in ZnxMg12xSe. Based on prior
studies,7 these are the most pertinent defects for Cl doping
this alloy system.

The calculated formation energies are shown in Table
From these results, it can be noticed that the change of
formation energies for all the chlorine related defects a
complexes strongly depend on the number of Mg atoms
are nearest neighbors to chlorine, instead of the total num
16522
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of Mg atoms in the supercell~or the Mg content!. For ex-
ample, when compared with pure ZnSe, the formation ene
of ClSe

11 decreases 0.23, 0.44, and 0.61 eV for chlorine a
selenium site with one, two, and three Mg atoms as the n
est neighbors, correspondingly. In comparison, this form
tion energy decreases only 0.08 eV for the chlorine at
with three Mg atoms as the third nearest neighbors~the sec-
ond nearest zinc sites!.

Judging from the results presented in Table II, the cha
of the formation energy of ClSe

11 has roughly a linear depen
dence on the number of Mg atoms as the nearest neigh
of Cl. The formation energy for the (ClSe-VZn)

12 complex
follows a similar trend, going down by 0.13, 0.28, 0.41 e
for chlorine at a selenium site with one, two, and three M
atoms as nearest neighbors to the Cl atom compared
pure ZnSe. These results also suggest the formation en
changes due to the chlorine substituting for the selen
atom in a Mg-Se bond instead of a Zn-Se bond. For
chlorine-substituting-selenium neutral defect (ClSe)

0, the for-
mation energy also decreases with the addition of Mg. The
fore, the chlorine solubility should increase dramatically
ZnMgSe~see additional discussion below!.

Second, from Table II, we note that, when the number
Mg atoms as nearest neighbors increases, the formation
ergy of the main compensating complex (ClSe-VZn)

12 is
lowered at a slower rate than the formation energy of ClSe

11 .
Therefore, the final pinned Fermi level should be higher
ZnMgSe than in pure ZnSe as measured from the top of
valence band. The formation energy of defects versusme are
shown in Fig. 4. Upon considering the two competing effe

FIG. 4. Formation energies of chlorine related defects in Zn
and ZnxMg12xSe alloys under Zn-rich condition (l50). ~a! is for
pure ZnSe,~b!, ~c!, and~d! are corresponding to ZnxMg12xSe with
one, two, or three Mg atoms as the nearest neighbors of chlo
atom, respectively. The Fermi levels are pinned at 1.31, 1.36, 1
and 1.41 eV above the valence band for~a!, ~b!, ~c!, and ~d!, re-
spectively.
2-5



he

i
g

p
an
as

e

am
a

o
on

b
th

f
we

rs
th

l f
d

C

d
r

hl
re
e

r
o
l.

o
e

t

y

as
is

e

ms
e

d
Mg
only
en-

s on

rgy
ra-
is

er a
-
5

y
our
the
ped

bors

the

YANG, VANMIL, MURATOV, COOPER, MYERS, AND WILLS PHYSICAL REVIEW B66, 165222 ~2002!
~doping vs compensation!, we can see that, because of t
compensation by (ClSe-VZn)

12, the Fermi level will be
pinned at 1.31, 1.36, 1.39, and 1.41 eV for chlorine doping
ZnSe and ZnxMg12xSe, which have one, two, and three M
atoms as the nearest neighbors to chlorine, respectively.

Increase of the maximum achievableme by 0.10 from
1.31 eV for pure ZnSe to 1.41 eV for ZnMgSe~each chlorine
atom having three Mg atoms as the nearest neighbors! would
be favorable forn-type doping, providing that the band ga
is the same for the two materials. But the fact that the b
gap is also increasing in the presence of magnesium h
dramatic effect, as we discuss later.

We would like to point out that in Fig. 4, we plot th
formation energies under zinc-rich conditions (l50). Under
different stochiometric conditions~e.g., selenium rich!, the
formation energy lines for ClSe move up bylDH ~see Table
II !. Therefore, the formation energy of ClSe is higher, and the
pinned Fermi level moves left~lower!. However, neglecting
the change in the heat of formation, these shifts are the s
for all four cases presented in Fig. 4. Therefore, the m
tendency remains the same: the formation energies for ClSe is
lower when there are more Mg atoms as nearest neighb
To predict the relative trends in the maximum electron c
centration, we must also know the dependence of the num
of Mg atoms as the nearest neighbors of chlorine on
average Mg content in ZnMgSe.

D. Average number of Mg atoms
as the nearest neighbors of Cl

As we discussed, the change of the formation energies
chlorine related defects and the Cl-vacancy complex, as
as the maximum achievableme in ZnMgSe directly depend
on the number of Mg atoms that exist as nearest neighbo
chlorine. Therefore, we need to estimate the change in
average number of Mg atoms as nearest neighbors to C
ZnMgSe alloy with varying Mg content. For highly Cl-dope
ZnMgSe, the Cl concentration can reach 1020/cm3 ~the zinc
site density is about 2.231022/cm3 in ZnSe!. Therefore, for
Mg content as low as 2%, the atom ratio between Mg and
is higher than 4:1.

Our results have shown that the magnesium atoms ten
be nearest neighbors of chlorine atoms for the lowest ene
configuration. However, this does not mean that each c
rine atom should have exactly four Mg atoms as nea
neighbors, because entropy effects must also be consid
here.

To obtain the relationship between the average numbe
Mg atoms as nearest neighbors of chlorine and the Mg c
tent in ZnxMg12xSe we used the following simple mode
We consider a small volume inside ZnMgSe:Cl withm metal
~i.e., Zn or Mg! sites and an equal number of Se sites. F
simplicity assume that this is an isolated system and ther
only one Cl atom inside it. In the system there arem21 Se
atoms at the Se sites andm2n Zn atoms plusn Mg atoms at
metal sites. For this system, the energy depends only on
number of Mg atoms as chlorine’s nearest neighbors~antisite
defects are not allowed!. Therefore, there are five energ
states with total energy ofE0 , E1 , E2 , E3, andE4, corre-
16522
n

d
a

e
in

rs.
-
er
e

or
ll

to
e

or

l

to
gy
o-
st
red

of
n-

r
is

he

sponding to zero, one, two, three, and four Mg atoms
chlorine’s nearest neighbors. The partition function of th
system is equal to

Z5(
i 50

4

gi exp~2bEi !,

wheregi5C4
i Cm24

n2 i . From our results in Table II, it can b
seen thatEi'E02 i * D, i 51,2,3,4; andD50.2 eV .

Using this relationship the average number of Mg ato
as chlorine’s nearest neighbors~N! versus Mg content can b
calculated as

^N&5
1

Z (
i 50

4

igiexp~2bEi !.

The result is shown in Fig. 5. Note that, for highly Cl-dope
ZnMgSe,m is in the hundreds. We can see that when the
content is about 1%, each chlorine atom on average has
one Mg atom as the nearest neighbor but, when Mg conc
tration exceeds 8%, there are more than three Mg atom
average as nearest neighbors for each chlorine atom.

E. Solubility

From the calculated results discussed above, we34 pre-
dicted that the addition of Mg reduces the substitution ene
of chlorine for selenium. Therefore, the chlorine incorpo
tion increases with Mg concentration. To directly test th
hypothesis, an alloy-modulated structure was grown und
constant ZnCl2 flux. The ZnCl2 oven was fixed at a tempera
ture of 146 °C, which produces a Cl incorporation of
31018 atoms/cm23 for pure ZnSe. ZnxMg12xSe ‘‘steps’’
were produced with (12x) values of 0.16, 0.27, and 0.43 b
sequentially opening and closing the Mg shutter in one-h
intervals. The Mg oven temperature was increased while
shutter was closed. The sample was grown on, and cap
with, an undoped 0.35mm ZnSe buffer layer. Chlorine-

FIG. 5. Average numbers of Mg atoms as the nearest neigh
to each Cl as a function of Mg content in the ZnxMg12xSe alloy.
The growth temperature of 600 K is used, as it is discussed in
text.
2-6
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EFFECT ON CHLORINE INCORPORATION AS Mg IS . . . PHYSICAL REVIEW B 66, 165222 ~2002!
doped ZnSe was grown before, between, and after the s
The Cl incorporation returned to the same level for ea
ZnSe:Cl layer, and exhibited a dramatic increase during
steps where Mg was present. The Cl concentration incre
less dramatically from step to step because the presenc
the Mg levels in the initial step incorporates much of t
available Cl. These results, summarized in Figs. 6 and
directly confirm the modeling predictions.

However, we should point out that, from our calculati
at a Mg content of 8%, the average number of Mg atoms
nearest neighbors of chlorine is three. Including the effec
the change in chemical potentialme , the (ClSe)

11 formation
energy is 0.5 eV lower in Zn0.92Mg0.08Se than in pure ZnSe
This would indicate that at the growth temperature
(;600 K) chlorine incorporation could be higher by rough
104. This again suggests that the current results are lim
by the amount of Cl present at the growing surface. It sho
also be kept in mind that the crystal growth is not a therm
dynamically equilibrated process; therefore, one has to
very careful in using formation energy for estimation of t
concentrations~or concentration differences! of defects. As
we suggested above, the decrease in the formation en
mainly comes from the effect of chlorine replacing the se
nium in the Mg-Se bond. When most chlorine atoms alrea

FIG. 6. SIMS profile step alloyed ZnxMg12xSe sample. The
doping occurred at a constant ZnCl2 oven temperature of 146°C
The alloyed steps have (12x) values of 0.16, 0.27, and 0.43.

FIG. 7. Experimental chlorine incorporation as a function of M
content in ZnxMg12xSe for a constant Cl flux.
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have Mg atoms as neighbors, further increase in Mg con
will not decrease that energy dramatically, and the incre
in Cl incorporation with increasing Mg will lessen in tha
case. Thus, one would expect an immediate drastic incre
in Cl solubility, followed by the slower increase with increa
ing Mg as is presented in Fig. 7.

F. Maximum electron concentration

The electron concentration in a semiconductor can
found as

n5NcF1/2@~me2Egap!/kBT#, ~1!

whereme is the Fermi energy with respect to valence ba
edge,Egap is the band gap, andNc is the effective density of
states. Using effective mass approximation,Nc is equal to

Nc52S m* kBT

2p\2 D 3/2

~2!

andF1/2 (h) is the Fermi integral

F1/2~h!5
2

Ap
E

0

` u1/2du

exp~u2h!11
. ~3!

For ZnxMg12xSe with different Mg content, we ignore th
change in effective massm* , soNc is a constant at a given
temperature in this approximation. Therefore, to predict
change in the maximum electron concentration
ZnxMg12xSe:Cl with different Mg content, we need to kno
the changes in maximum achievable Fermi levelme and
band gapEgap, which both depend on the Mg content
ZnMgSe alloy. The change in the band gap can
approximated14 as

Egap5xEgap
ZnSe1~12x!Egap

MgSe2cx~12x!, ~4!

where c50.1 eV is the bowing parameter of a ZnMgS
alloy.

The change in the maximum achievable Fermi levelme
depends primarily on the number of Mg atoms as the nea
neighbor of chlorine~see Fig. 4!. We can also obtain the
average number of Mg atoms as nearest neighbors to
chlorine atom for ZnxMg12xSe with different Mg content
from the calculations shown in Fig. 5. Therefore, by usi
the results shown in Figs. 4 and 5, we can reasonably e
mate the change ofme in ZnxMg12xSe with different Mg
content and thus predict the trends in maximum electron c
centration.

Comparison of our predicted trend with the experimen
results of Ferreiraet al.15 is shown in Fig. 8. We have to
point out that the band gap and absolute values of the pin
2-7
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Fermi levelme cannot be accurately calculated in our mod
because of the LDA’s failure in predicting the band gap
semiconductors. However, we think that the relative cha
of me is reliably calculated. Therefore in the calculation
the electron concentration, we use the experimental data
pure ZnSe to getme ~about 130 meV above the bottom o
conduction band! in ZnSe, and then calculate changes to o
tain the correspondingme for ZnxMg12xSe for differentx.
Specifically, we calculated three points with Mg content of
4, and 8 %. These concentrations correspond to one, two,
three Mg atoms as nearest neighbors to each chlorine a
~see Fig. 5!, with the corresponding shift ofme equal to 50,
80, 100 meV~see Fig. 4!. For Mg content larger than 20%
as shown in Fig. 5, the number of Mg atoms surround
each chlorine atom is essentially 4. Above this concentrat
we thus use a constant shift inme of 110 meV, obtained by
simple extrapolation from previous calculations. The cal
lated results are shown as the solid line in Fig. 8.

The growth temperature of;600 K was used in the cal
culation of the maximum electron concentration calculat
for ZnMgSe, resulting in extremely good agreement with
experimental results. The growth temperature must be u
since the number of donors (Nd) and the number of accep
ers (Na) are determined during the growth and remain fix
afterwards. For fully ionized donors, as would be expec
for the low thermal ionization energy of Cl in this syste
~and especially in the degenerate case!, electron concentra
tion (n5Nd2Na) will not change significantly when the
temperature is reduced from the growth temperat
(;600 K) to room temperature (;300 K). This situation
suggests that by increasing the growth temperature the e
tron concentration can also be increased.

From Eq.~1!, it follows that the maximum electron con
centration depends only on the difference betweenme and
Egap at a given temperature. The change in Fermi levelme
and bandgapEgap ~experimental value used! are both de-
picted schematically in Fig. 9. Panel~a! shows pure ZnSe
Panel~b! describes a small amount of Mg (,5%). Increas-
ing numbers of Mg atoms around each chlorine atom cau

FIG. 8. Maximum achievable electron concentration as a fu
tion of Mg content in the ZnxMg12xSe alloy.
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the me to grow faster than the increase inEgap, which leads
to higher electron concentration. When more Mg is add
@5 –20 % as shown in panel~c! of Fig. 9#, the increase inme
is now much smaller than the change in bandgap, and
carrier concentration begins to fall. The situation with lar
Mg content (.20%) is shown in panel~d!. Because most of
the chlorine atoms are already surrounded by Mg atoms,me
changes little, and the increase in the bandgap become
dominant factor. Therefore, the carrier concentration dr
dramatically for large Mg content. Calculations show th
for small Mg content~around 5%!, the maximum achievable
electron concentration for the ZnxMg12xSe alloy system
might be reached. However, it is only about 40% more th
that for pure ZnSe, a difference that may prove difficult to
confirmed by experiments.

V. CONCLUSION

We have shown that in chlorine-doped ZnMgSe alloy s
tem, chlorine has a strong tendency to substitute on selen
sites that are surrounded by Mg atoms. The formation e
gies for the chlorine-substituting for-selenium defects a
the chlorine-substituting-for-selenium with neighboring zin
vacancy defect complex all decrease with increasing
content. This decrease leads to higher chlorine incorpora
in ZnxMg12xSe alloy with higher Mg content. Our most re
cent MBE experiments clearly show this increased chlor
solubility in ZnxMg12xSe alloys. However, with the presenc
of magnesium, the decrease of the formation energy of
compensating defect (ClSe-VZn)

12 coupled with the increase
in band gap leads to a lower achievable electron compe
tion. Thus, the net effect of adding magnesium to ZnSe
decrease in the maximum achievable electron concentra
when chlorine is used as ann-type dopant.

ACKNOWLEDGMENTS

This research was supported by National Science Foun
tion Grant No. DMR-98-06299.

-

FIG. 9. Schematic of the change in bandgap and Fermi leve
ZnxMg12xSe alloy with increasing Mg content. For~a! (12x)
50, ~b! (12x) ,5%, ~c! (12x);5 –20 %, and ~d! (12x)
.20%. The experimental value ofEgap adjusted for Mg concentra
tion @see Eq.~4!#. Calculated pinned Fermi levelsme are shifted by
a constant to reproduce the experimental value for pure ZnSe.
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