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We have investigated chlorine incorporation in ZnSe angVitn _,Se through both modeling and experi-
ment. Solubility issues, native defects and chlorine-impurity-related defects have been studied using the
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 ZMg;_,Se 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 heavwype doping. The formation of this defect serves to
compensate, i.e., negate, the chlorine as-ype 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 asratype dopant in ZnSe. First, the formation energies for chlorine
substituting for selenium decrease in the presence of magnesium. Second, the formation energies of the
ClsgV 5, 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 magnesiutedseasehe
maximum achievable carrier concentration through the use of chlorine adyge dopant.

DOI: 10.1103/PhysRevB.66.165222 PACS nuntber61.72.Bb, 61.72.Ji, 61.72.Vv

[. INTRODUCTION best candidate fon-type doping in ZnMgSe. However, ex-
perimental results have been disappointing. The data by Fer-
The wide-band-gap semiconductor ZnSe and its alloyreira et al'® indicate that the highest electron concentration
Zn,Mg;_,Se are of active interest for potential electroopticdecreases with increasing Mg content in ZnMgSe. In particu-
applications. This materials system can be used for devicddl, they suggest that the chlorine’s solubility is lowered by
operating in the blue to ultraviolet spectral region. Whilethe addition of Mg. Therefore, to gain an understanding of
GaN and its alloys are currently more commercially Viab|ethe issues involved, we used thb initio full potential linear
for these efforts, the ZnSe alloy system continues to be of muffin-tin-orbital method to model native defects and
interest. In the literature, the role of defects and defect comchlorine-related defects in ZnSe and iy, _,Se. We fo-
plexes in ZnSe witm-type andp-type doping has been re- cused on the relative changes in the electronic properties
peatedly addresséd® Many of these defects can act as com-With increasing Mg content, and our theoretical results are
pensating centers reducing the maximum achievable carrigiompared with our own most recent experimental results as
concentration. In the case of chlorine doping in ZnSe, theowell as previous work.
retical resulté have indicated that the substitutional-chlorine-
zinc-vacancy complex is the most probable candidate for the Il. COMPUTATIONAL APPROACH
compensating center. Using positron annihilation experi-
ments, Saarinent al'° recently identified zinc vacancies in A. FP-LMTO method
n-type ZnSe:Cl. The defect complex{N 7, has been sug- An ab initio full-potential linear combination of muffin-
gested to be formed in heavily Cl-doped Zn$é? Indeed, tin orbitals (FP-LMTO) method, including a force
Akimoto et al'? suggested that the concentration of the zinc-routine’®=2° was used for this calculation. The electron
vacancy is of the same order of magnitude as that of fourexchange-correlation was treated in the local-density ap-
coordinated Cl which is incorporated in the Se lattice site. proximation (LDA) with the Ceperly-Alde?* exchange-
The addition of magnesium to form 2vg,_,Se in-  correlation function parametrized by Perdew and ZuRger.
creases the bandgap, lowers the index of refracleamd  Atomic forces were calculated using the Hellman-Feynman
allows tailoring of the lattice constant. These effects makeheorent® Detailed information about this method can be
Zn,Mg, _,Se attractive for heterostructure devices where opfound in Refs. 16—-20 and 24.
tical or electrical confinement is desired. Calculations by In all calculations reported in this paper, zind 8lectrons
Okuyama et al!* showed an increase of band gap inwere treated as valence electrons, while 8@Rctrons were
Zn,Mg, _,Se from 2.6 eV for ZnSe to 3.7 eV for MgSm included in the core. Four to six wave number parameters
zinc blende structupein close agreement with their quoted («'s®~29 were used, that is two commor's for all the
experimental values of 2.7 and 3.6 eV, respectively. Chloelements and an individual one for each element. For an
rine, as the most successfutype dopant in ZnSe, is also the orbital with a given angular momentum, eaghcreates its
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own subset of basis functions. Two orbitals with the same TABLE I. Defect formation energy of G} and C,in ZnSe for
angular momentum but with a different principal quantum32-atom and 64-atom supercell with the energies given in eV. The
number are included by placing them in different energycalculated value for the heat of formatioaKl) is 1.4 eV for ZnSe.
windows. As a result, eleven to twenty-three muffin-tin- : :
orbital basis functions in two energy windows were used forPefect(Cell Siz¢ Formation Energy
each Mg, Zn, Se, and CI a}tom. _Scalar r_elat|V|st|c correction Clsd® (32) 1.36- NAH
were included, but not spin-orbit coupling. For the charge

0

defects, a neutralizing uniform background charge was use :SE’)H(M) _ 1.32-A4H

: . . T (32) 0.59+ NAH+ ug
to avoid long-range Coulomb interactions. To account for the(cI ) (64) 0624 NAH+
effect of the background charge on the formation energies, S ' He
we applied a monopole correctidienergy of a lattice of
point charges immersed in neutralizing jeliuefQ?a/Le,
whereQ is the charge of the defeat, is the Madelung con- tse= par for Clse,
stant,e is the dielectric constant, ardis a lattice constant of aefec= Mznse— e for Clse—Vzy,
the supercelf* For example, the magnitude of this correction wgn for Vy,

is 0.27 eV for the singly charged chlorine substitution for
selenium (C49)**. This correction affects only the absolute whereuse, wzn, per, anduznseare the chemical potentials
values of the formation energies and does not change thef the Se, Zn, Cl atoms, and ZnSe pair in ZnSe. In tyrg,,
dependence on magnesium concentration. Because of thig;,, and uz,s.can be obtained as
and the fact that other corrections are much smaller, for the
present publication we restrict ourselves to this term only. tse= 2K NAH, pzn= u59K— (1—N)AH,
We also neglected changes related to variatios. of

Most of our calculations were performed using a 32-atom
supercell. Different concentrations of Mg were achieved by

substituting one, two, or three Zn atoms with Mg atoms inwhere AH is the heat of formation of ZnSe, parameter

this 32-atom supercell. Thus, three ZnMgSe alloysvaries from 0 to 1\ =0 for Zn rich, and\ =1 for Se rich.

Zng 9Mdo.065€, ZngMdo135€, ZrgMgoi1s5€, and pure  For the chemical potential of a chlorine atopad), we used
ZnSe were considered. Lattice relaxation around the defectge total energy of a single isolated chlorine atom. This omits
has been shown to be significant for ZnSe in previousffects of the solid state environment on the chlorine atom.
work >"#?*This is even more important for the present cal-|n addition, the LDA calculations with the Ceperly-Aldér
culation since the differences among the formation energiegxchange-correlation function parametrized by Perdew and
of the same defect in ZMg, ,Se is very small for different zungef? (as used for the rest of the calculatiomere not

Mg content. Therefore, we consider lattice relaxation aroundesigned for use on isolated atoms. Therefore, there may be
defects for most cases presented here. a significant computational error associated with. How-

In order to minimize the numerical discrepancy, all calcu-ever, this error can only affect absolute values, while the
lations for a material have been performed using supercellgifferences between formation energies as presented in Table
with identical symmetry and the sankepoints in the Bril- || are still reliable.
louin zone. In this approach, most of the numerical errors The density functional theor¢DFT) is designed only to
associated with the limited sampling of the Brillouin zone accurately calculate the total energy and charge density for
cancel each other. Tests were performed to insure that th@e ground state of matter. As such, DFT usually underesti-
size of the supercell and numberlopoints do not affect the mates the band gap by a factor of two. For example, for
final results. ZnSe the calculated band gap is 1.2 @vesent calculations

in comparison with the experimental value of about 2.6 eV.
B. Formation energy of defects Despite this fact, it is commonly accepted that the dispersion

In the calculation of the defect formation energy, one hasof valence and conduction bands are calculated quite accu-

to compare the total energy for a supercell with a defect an&ately in the framework of DFT. This statement has been

the total energy for the corresponding perfect supercell. For§upported not or]ly by the ability of DFT to explain exper-
mation energyE" of the defect of typed" with chargen is mental observations but also by calculations that include

many-body correctionge.g., Refs. 26, 27 In this publica-
calculated as . d .

tion, we will follow the standard approach and increase the
band gap to its experimental values. The fact that we are
using our calculations to understand trends due to the addi-
where TEgteiS the total energy of a supercell with a defect, tion of magnesium relies more on the ability to calculate the
TEperfectiS the total energy of a corresponding perfect superdispersion of the levels rather than the absolute magnitude.
cell, ue is the electron chemical potentidtermi leve) mea- To study the effects of the size of the supercell on results,
sured with respect to the valence-band maximum, afg..; we compare the formation energy ofé@land Cgein both a

is the change in chemical potential due to removing or sub32-atom supercell and a 64-atom supercell in Table I. The
stituting atoms necessary to form a defect. This change cagnergy difference for two different supercell sizes is less than
be expressed as: 0.05 eV and quite acceptable for our purposes.

_ _ bulk, . bulk
Mset Mzn= HMznse= e T Mz — AH,

f_
E' = TEyefect Mdefectt Nite™ TEperfectv
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TABLE Il. Defect formation energy in ZnSe and ZnMgSe, all the energies given are in eV

Defect Formation Energy
(Clgg® 1.36+\AH
pure ZnSe (G —0.59 NAH+ ue
(32 atom supercall (ClsgVz) ™ 2.03— pe
(Vg2 4.41-NAH—2u,
(Clgd® 1.22+ \AH
Zng 9Mgg geSe (one Mg atom located as e —0.82+ NAH+ ue
the nearest neighbor of Cl in 32 atom supercell (ClgeVzn) ™ 1.90— pe
(Vz)?~ 4.50-NAH—2u,
(Clgg® 1.02+ \AH
Zno gMgg 15€ (two Mg atoms located as (e —1.03+ NAH+ ue
the nearest neighbors of Cl in 32 atom supejcell (ClggVz) ™ 1.75 pe
(Vg2 4.60-NAH—2u,
(Clsd® 0.91+\AH
Zng g/Mgq 155€ (three Mg atoms located as @ —1.20+ NAH+ g
the nearest neighbors of Cl in 32 atom supejcell (ClggVz) ™ 1.62— pe
(Vz)?™ 4.72-NAH—2pu,
Zny giMgg 105€ (three Mg atoms located as
the third neighbors of Cl in 32 atom supergell (Clgd** —0.67+NAH+

In addition to the inherent problems associated with thedard prepared by ion implantation in a thick MBE ZnSe
LDA-DFT calculation and potential limitations of a rela- layer. Magnesium percentages were also determined using
tively small 32-atom supercell, the uncertainty in the defini-direct comparison to a ZnMgSe standard whose Mg concen-
tion of chemical potential$especially of a chlorine atom tration was determined using x-ray diffraction. Lattice con-
(mcp] could cause errors in the absolute values of the forstant measurements were determined using the Bond method
mation energies given in Table Il. However, the main emphawith a Si single crystal as a monochromator for x-ray diffrac-
sis of this publication is to trace the relative change of thetion using CuK &4 radiation.
formation energy and thus the pinned Fermi level for Zn- Hall measurements were performed using a typical Kei-
MgSe alloys with different Mg contents. The relative thley Instruments Hall effect setup. Indium contacts soldered
changes in these values are much less sensitive to the abowethe samples were ohmic, and measurements were made
mentioned limitations of the calculations, and therefore,using the standard Van der Pauw geometry.
much more reliable.

IIl. EXPERIMENTAL APPROACH IV RESULTS AND DISCUSSION

in fi i A. Lattice constant in Cl-doped ZnMgSe allo
ZnSe thin films were grown in a custom molecular beam ! stanti P 9 y

epitary (MBE) system at West Virginia University on semi-  The equilibrium lattice constant was found to be 5.628 A
insulating(100 GaAs substrates using procedures discussetbr pure ZnSe. The lattice relaxation around the isolated
previously?® Chlorine-doped ZnSe layers were grown on anCl3. defect resulted in an increase by about 6.7% for the
undoped 0.35um buffer layer with a total thickness of 2 to four ClssZn bonds. The relaxation around the {&V )1~

2.4 um at 300°C with a growth rate of 0.33 um/h. High-  complex is more complicated. In this complex, the &I,
purity elemental zinc, magnesium, and selenium were usedond length increases about 3%, the threg-Se bonds de-
from conventional MBE sources. Chlorine doping wascrease about 5% and the three;&n bonds increase less
achieved using a standard effusion cell with Zn@&$ source than 2%(see Fig. 1L We would thus expect an overall in-
material. Growth occurred under slightly Se-stable condicrease in lattice constant due to significant concentrations of
tions determined by monitoring the disappearance of the ZnéClsg®* centers, and almost no change in lattice constant
stable[010] c¢(2x 2) reflection high-energy electron diffrac- due to (CksVz,)1~ complexes. In addition, we calculated
tion (RHEED) reconstructiof® Secondary ion mass the lattice constant of zinc blende ZnCl to be 6.0 A. Thus,
spectrometry(SIMS) measurements were made at Charlesour calculations predict that the addition of Cl will lead to a
Evans and AssociatéSunnyvale, CAto determine the dop- net increase in lattice constant, while (EV,,)1~ complex

ing concentration profiles of chlorine in ZnSe and formation will not contribute to this lattice expansion. The
Zn,Mg, ,Se samples using Csions. Measurements of above changes in bond lengths should be treated as lower
chlorine in ZnSe and ZMg; _,Se indicated minimum de- limits on actual values because of the limitations imposed by
tectabilities of 5 10'° and 1x 10'® cm™3, respectively. Ab- using a(relatively limited finite number of atoms in the
solute concentrations were determined using a chlorine stamalculations.
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FIG. 1. Lattice relaxation around §;1 and (CkgVy)!™ com-
plex in ZnSe. The center of the zinc vacancy is defined as the 10.60 20 20 0 30 100
position of a zinc atom in a perfect lattice. The bond lengths are Mg content (%)
given in percent of the bond length in the ideal latti@®.is for the
CI3: and(b) is for the (CksVzn)'™ complex. FIG. 2. Lattice constant vs Mg content for g, _,Se alloys.

The points(from left to righ) in the figure represent the calculated

. . L. lattice constant for Mg content of 0, 6.25, 12.5, 18.75, and 100 %,
Consistent with our predictions, Ohkawtal ™ showed a respectively. It implies that the lattice constant of, Mg, _,Se al-

dramatic increase in lattice constant with ClI doping in the|Oy agrees with Vegards Law.

regime where heavy compensation is not expected. We ex-

tended these measurements up to Cl concentrations of 6 B. Mg location in ZnMgSe:Cl alloy
x 10'° cm~3, where heavy compensation occurs. We ob-
served a continuing increase in lattice constant for increasinghI

Cl concentration, but at a rate less than that indicated by th ons in the ZnMgSe alloy. We came to this conclusion after

data of Ohkaweet al. A Vegard-law-type extrapolation for - . . )
our data indicated a lattice constant of 7.1 A would occur forcon5|der|ng two special supercells. While both of them con

: ; . tained three Mg atoms, the spatial configurations of these
0,
Cl oc,cupymg 100 A’.Of f[he Se sites, while the data of Ohkaw toms are very different. In the first supercell, all three Mg
et al’s data would indicate an even larger value. The con-

e . ) . . atoms are located at sites marked as 3 in Fig. 3. In this
tinuing increase in lattice constant in compensated matenza

can be understood by the fact that high compensation r Jeometry, Mg atoms are as close to each other as possible,
. y g P and they are also the nearest neighbors of the atom at site 2
quires the sample to have a near equal number aof (€l

and (ChsV,) 1 centers, with the net lattice expansion due(this is the site we used for chlorine substitulioin case
e VZn ’ . . .
o the (Ck)* being the dominant effect. two, the Mg atoms are located at sites marked 7 in Fig. 3. In

Of int ¢ b o fi truct this geometry, Mg atoms are one zinc site apart from each
interest, an x-ray absorption fineé structure meg‘lsurebther(at the second nearest zinc sites to each ather
ment on the CIK absorption edge by Maruyamet al.

found experimental bond lengths of 2.5 and 2.8 A for Zn
nearest neighbors in heavily Cl-doped ZnSe. They assigned
the experimental bond length of 2.5 A to thes€Zn bond

for isolated (CE.) by assuming the Cl will not significantly
perturb the lattice, and thus by default assigned the 2.8 A 7
bond to the GsZn bonds in the (GlsV5,)'™ complex. Our
results indicate that the opposite assignment is more likely,
with reasonable agreement between our calculated results
(2.6 A for the CksZn bond around isolated £J , and 2.5 A

for the CksZn bonds in the C;;Je-V%; complex and the two
measured values. Clearly more work is required before a
definitive experimental assignment can be made.

The equilibrium lattice constants for ZnSe and ZnMgSe
alloys with different Mg content were also calculated. We
obtained the following lattice constants 5.628, 5.646, 5.663,
and 5.682 A for pure ZnSe, g8MgooS€, ZnsMg, 156,
and Zny giMgg 105€, respectively. We also calculated the lat-
tice constant of zinc blende structure MgSe, to be 5.921 A. kG, 3. Structure of ZnSe. To get the preferred locations of Mg
The calculated lattice constants of ZnSe and MgSe are iatomS’ two Configurations are considered WbéMgOlgSe (three
good agreement with the experimental values of 5.668 anflig atoms in the 32-atom superdelThe first case has all three Mg
5.890 A for ZnSe and MgSe, respectively. For the ZnMgSeatoms at sites marked by 3, and in the second case the Mg atoms are
alloy, all these calculated lattice constants follow Vegard'slocated at sites marked by 7. Site 2 is the position for the substitu-
law (See Fig. 2 tional chlorine atom when chlorine is used as a dopant.

|30

Our calculations indicated that, without the presence of
orine, magnesium atoms do not have preferential posi-

@ Znsite

® Sesite

7
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In the absence of chlorine, the total energy difference be-  2* ‘ ‘ 20
tween these two cases is less than 0.05 eV. The first(adlse
Mg are nearest neighbgréas the lower energy. Since the
difference is smallit is about the same order as numerical
error in our calculations we believe there is no site prefer-
ence for the magnesium atoms. That means the ZnMgSe is &t
random alloy, rather than an ordered alloy as seen in some”
other materials such as CuZn and Autu.

Completely different results were obtained when a sele-
nium atom at site 2 is substituted by a chlorine atom. The
total energy of the first supercéilith three Mg atoms as the B —
nearest neighbors of Cis 0.57eV lower than for the second 15 / 15p
supercell(Mg atoms are located at the second nearest zinc
sites with respect to @l Thus, it is energetically favorable
for Cl and Mg to be the nearest neighbors. Therefore, in

© )

15 )

ation Energy (eV)

1
ClsVar) i

Formation Energy (eV)

Formation Energy (eV)
S o
8

Formation Energy (eV)

Table Il we considered supercells with geometry where Mg CloaVa)'
atoms are in positions as nearest neighbors to chlorine atoms ®

Only one case, when Mg atoms are in the positions as the ™°

third nearest neighboréthe second nearest zinc site® M om 1m 15 20 s 20 28
chlorine atoms, is presented for comparison to illustrate the 4,V 4,V

; . © @
large difference in total energy.

Qualitatively, the preference of Cl for Mg-rich regions can  FIG. 4. Formation energies of chlorine related defects in ZnSe
also be explained by comparing the heat of formation ofand ZMg;_,Se alloys under Zn-rich conditionn&0). (a) is for
MgSe (2.93 eV}, MgCl, (6.65 eV}, ZnSe (1.65 eV} and  pure ZnSe(b), (c), and(d) are corresponding to ZMg; ,Se with
ZnCl, (4.31 e\))_33 The difference in heat of formation be- ©one, two, or three Mg atoms as the nearest neighbors of chlorine
tween MgC} and MgSe is 3.72 eV, and the difference be-atom, respectively. The Fermi levels are pinned at 1.31, 1.36, 1.39,
tween ZnC} and ZnSe is 2.66 eV. Therefore, one can esti-2nd 1.41 eV above the valence band fal, (b), (c), and(d), re-
mate that the energy difference between Mg-Cl and Mg-S&Pectively.
bonds is higher than between Zn-Cl and Zn-Se bonds. When
a chlorine atom substitutes for a Se atom in ZnMgSe, it willof Mg atoms in the supercelbr the Mg content For ex-
more likely occupy a Se site with more Mg neighbors, be-ample, when compared with pure ZnSe, the formation energy
cause the resulting Mg-Cl bonds lower the energy of theof Clég decreases 0.23, 0.44, and 0.61 eV for chlorine at a
system. In our case, in the first supercell, as described abovsglenium site with one, two, and three Mg atoms as the near-
the chlorine atom at site 2 has three Mg atoms and only onest neighbors, correspondingly. In comparison, this forma-
Zn atom as nearest neighbors. It is likely that if such antion energy decreases only 0.08 eV for the chlorine atom
arrangement exists the chlorine will substitute for the selewith three Mg atoms as the third nearest neighltre sec-
nium atom there and form three Mg-Cl bonds. In supercellond nearest zinc sitgs
two, the chlorine atom would have four Zn atoms as nearest Judging from the results presented in Table II, the change
neighbors, and therefore only Zn-Cl bonds are formedof the formation energy of @g has roughly a linear depen-
Therefore, this analysis also supports our prediction thagience on the number of Mg atoms as the nearest neighbors
chlorine always favors substituting for the selenium atomof CI. The formation energy for the (§}V,)*~ complex
with more Mg atoms as neighbors, and our calculated 0.5follows a similar trend, going down by 0.13, 0.28, 0.41 eV
eV difference is also reasonable in magnitude. for chlorine at a selenium site with one, two, and three Mg
atoms as nearest neighbors to the Cl atom compared with
pure ZnSe. These results also suggest the formation energy
changes due to the chlorine substituting for the selenium

In this paper, we only considered formation energies foratom in a Mg-Se bond instead of a Zn-Se bond. For the
the following defects: chlorine substituting for selenium chlorine-substituting-selenium neutral defectddH, the for-
(neutral C@e and single positive charge Q stateg, a zinc  mation energy also decreases with the addition of Mg. There-
vacancy (double negative charge 2y stat¢ and, a fore, the chlorine solubility should increase dramatically in
(ClseVz)'™ complex. All formation energies were calcu- ZnMgSe(see additional discussion belpw
lated in pure ZnSe and in ZNlg,_,Se. Based on prior Second, from Table Il, we note that, when the number of
studies’ these are the most pertinent defects for Cl doping ifMig atoms as nearest neighbors increases, the formation en-
this alloy system. ergy of the main compensating complex §&V,,)'™ is

The calculated formation energies are shown in Table Illowered at a slower rate than the formation energy gf,Cl
From these results, it can be noticed that the change of th€herefore, the final pinned Fermi level should be higher in
formation energies for all the chlorine related defects andZnMgSe than in pure ZnSe as measured from the top of the
complexes strongly depend on the number of Mg atoms thatalence band. The formation energy of defects vegsuare
are nearest neighbors to chlorine, instead of the total numbehown in Fig. 4. Upon considering the two competing effects

C. Defect formation energies in ZnSe and ZnMgSe
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(doping vs compensatiopnwe can see that, because of the g 4

compensation by (GkV)'~, the Fermi level will be )

pinned at 1.31, 1.36, 1.39, and 1.41 eV for chlorine doping in & g 3.51 ]

ZnSe and ZgMg, _,Se, which have one, two, and three Mg 8 <

atoms as the nearest neighbors to chlorine, respectively. g 8 3 ]
Increase of the maximum achievable, by 0.10 from ?_ 2 25

1.31 eV for pure ZnSe to 1.41 eV for ZnMg$each chlorine ° Z, “r ]

atom having three Mg atoms as the nearest neighbarald 29 2

be favorable fon-type doping, providing that the band gap g S | ]

is the same for the two materials. But the fact that the band £ ° 450 1

gap is also increasing in the presence of magnesium has aDp

dramatic effect, as we discuss later. ° g 1f ]
We would like to point out that in Fig. 4, we plot the & o

formation energies under zinc-rich conditions0). Under 0.5 L L L L L

different stochiometric condition&.g., selenium rich the 0 10 20 30 40 50

formation energy lines for GL move up byxAH (see Table Mg content (%)

II). Therefore, the formation energy ofdgls higher, and the
pinned Fermi level moves leftower). However, neglecting

the change in the heat of formation, these shifts are the sarrﬂ%1
for all four cases presented in Fig. 4. Therefore, the maiq
tendency remains the same: the formation energies fQi<I

lower when there are more Mg atoms as nearest neighborgponding to zero, one, two, three, and four Mg atoms as

To preQIct the relative trends in the maximum electron CONChlorine’s nearest neighbors. The partition function of this
centration, we must also know the dependence of the number stem is equal to
of Mg atoms as the nearest neighbors of chlorine on the” a

average Mg content in ZnMgSe.

FIG. 5. Average numbers of Mg atoms as the nearest neighbors
each Cl as a function of Mg content in the ,Efg, ,Se alloy.

e growth temperature of 600 K is used, as it is discussed in the
ext.

4
Z=2, giex~ BEy),
D. Average number of Mg atoms S ] i
as the nearest neighbors of Cl whereg;=C,Cp._',. From our results in Table Il, it can be
A di d. the ch fthe f i ios fSeen thaE;~Ey—i*A, 1=1,2,3,4; andA=0.2 eV .
S We discussed, tne change of the formation energlies tor Using this relationship the average number of Mg atoms

chlorine relz?\ted defec.ts and th.e CI-vacancy_ complex, as WegS chlorine’s nearest neighbdi) versus Mg content can be
as the maximum achievabje, in ZnMgSe directly depend calculated as

on the number of Mg atoms that exist as nearest neighbors to

chlorine. Therefore, we need to estimate the change in the 14

average number of Mg atoms as nearest neighbors to Cl for (Ny== > igiexp(— BE)).
ZnMgSe alloy with varying Mg content. For highly Cl-doped Zi=0

ZnMgSe, the Cl concentration can reactf%ém® (the zinc

The result is shown in Fig. 5. Note that, for highly Cl-doped
site density is about 2:210°%cm® in ZnSe. Therefore, for d gny P

. ; nMgSe,mis in the hundreds. We can see that when the Mg
Mg content as low as 2%, the atom ratio between Mg and Clontent is about 1%, each chiorine atom on average has only

is higher than 4:1. one Mg atom as the nearest neighbor but, when Mg concen-

Our results have shown that the magnesium atoms tend 0,tion exceeds 8%, there are more than three Mg atoms on
be nearest neighbors of chlorine atoms for the lowest eNergy\erage as nearest neighbors for each chlorine atom.
configuration. However, this does not mean that each chlo-

rine atom should have exactly four Mg atoms as nearest E Solubilit
neighbors, because entropy effects must also be considered ' y
here. From the calculated results discussed above®*pee-

To obtain the relationship between the average number dlicted that the addition of Mg reduces the substitution energy
Mg atoms as nearest neighbors of chlorine and the Mg coref chlorine for selenium. Therefore, the chlorine incorpora-
tent in ZnMg;_,Se we used the following simple model. tion increases with Mg concentration. To directly test this
We consider a small volume inside ZnMgSe:Cl wittmetal ~ hypothesis, an alloy-modulated structure was grown under a
(i.e., Zn or Mg sites and an equal number of Se sites. Forconstant ZnGl flux. The ZnC} oven was fixed at a tempera-
simplicity assume that this is an isolated system and there isire of 146 °C, which produces a Cl incorporation of 5
only one Cl atom inside it. In the system there are 1 Se X 10'® atoms/cm® for pure ZnSe. ZgMg,_,Se “steps”
atoms at the Se sites ant-n Zn atoms plus1 Mg atoms at ~ were produced with (% x) values of 0.16, 0.27, and 0.43 by
metal sites. For this system, the energy depends only on theequentially opening and closing the Mg shutter in one-hour
number of Mg atoms as chlorine’s nearest neighlfangisite  intervals. The Mg oven temperature was increased while the
defects are not allowed Therefore, there are five energy shutter was closed. The sample was grown on, and capped
states with total energy &, E;, E,, E3, andE,, corre- with, an undoped 0.3xm ZnSe buffer layer. Chlorine-
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50 1 . T 1a6°C] 107 have Mg atoms as neighbors, further increase in Mg content
Cly ] will not decrease that energy dramatically, and the increase
I { ,’~_“\ r~™\ OpenznCly T 1 in Cl incorporation with increasing Mg vyill Iessen_ in that
3 ; ,l \ \shutter 3~ case. Thus, one would expect an immediate drastic increase
§ 30 1 N / \ e 700 § in Cl solubl_hty, followed t_)y th_e slower increase with increas-
g // \\ ] E ing Mg as is presented in Fig. 7.
(a)n 04/ |—=g 108 &
= \/I I § . .
® ol |r"’\/1‘ L om F. Maximum electron concentration
\\E The electron concentration in a semiconductor can be
oL, : : + 10' found as
0 1 2
Depth ()

N=NcF /o[ (ne— Egap)/kBT]r (1)

FIG. 6. SIMS profile step alloyed ZMg, ,Se sample. The
doping occurred at a constant ZpQiven temperature of 146°C. Where ... is the Fermi enerav with respect to valence band
The alloyed steps have (1x) values of 0.16, 0.27, and 0.43. He T 9y . P . .

edge,Ey,,is the band gap, anll, is the effective density of
states. Using effective mass approximatibh,is equal to
doped ZnSe was grown before, between, and after the steps.
The CI incorporation returned to the same level for each
ZnSe:Cl layer, and exhibited a dramatic increase during the (m* kgT
steps where Mg was present. The Cl concentration increases c= >
less dramatically from step to step because the presence of 2mh
the Mg levels in the initial step incorporates much of the
available Cl. These results, summarized in Figs. 6 and 7andF,,, () is the Fermi integral
directly confirm the modeling predictions.

However, we should point out that, from our calculation
at a Mg content of 8%, the average number of Mg atoms as 2 (= u'du
nearest neighbors of chlorine is three. Including the effect of Far(m)= J_;fo explu—7)+1°
the change in chemical potential, the (Ck)'" formation

energy is 0.5 eV lower in Zyy Mg gsSe than in pure ZnSe.
This would indicate that at the growth temperature For Zn Mg, _,Se with different Mg content, we ignore the

(~600 K) chlorine incorporation could be higher by roughly change in effective mass*, soN; is a constant at a given
10*. This again suggests that the current results are limitetemperature in this approximation. Therefore, to predict the
by the amount of Cl present at the growing surface. It shoule&change in the maximum electron concentration in
also be kept in mind that the crystal growth is not a thermo-Zn,Mg, _,Se: Cl with different Mg content, we need to know
dynamically equilibrated process; therefore, one has to béhe changes in maximum achievable Fermi leygl and
very careful in using formation energy for estimation of theband gapEg,,, which both depend on the Mg content in
concentrationgor concentration difference®f defects. As  ZnMgSe alloy. The change in the band gap can be
we suggested above, the decrease in the formation energyproximatetf as

mainly comes from the effect of chlorine replacing the sele-
nium in the Mg-Se bond. When most chlorine atoms already

3/2

@)

()

Ega= XEgapt (1-0)Egi—cx(1-x), (@)

51 | where c=0.1 eV is the bowing parameter of a ZnMgSe
° alloy.

The change in the maximum achievable Fermi lexgl

0l | depends primarily on the number of Mg atoms as the nearest
° neighbor of chlorine(see Fig. 4 We can also obtain the

average number of Mg atoms as nearest neighbors to each
chlorine atom for ZpMg,_,Se with different Mg content
31 | from the calculations shown in Fig. 5. Therefore, by using
the results shown in Figs. 4 and 5, we can reasonably esti-
Tzacy, =146 °C mate the change of, in Zn,Mg,;_,Se with different Mg
‘ ‘ content and thus predict the trends in maximum electron con-
centration.

Comparison of our predicted trend with the experimental

FIG. 7. Experimental chlorine incorporation as a function of Mg results of Ferreireet al'® is shown in Fig. 8. We have to
content in ZpMg, _,Se for a constant CI flux. point out that the band gap and absolute values of the pinned

[C1] (10% atoms cm3)

0 ’ t t
0 10 20 30 40 50
9% Mg concentration
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10%®
¢ Data from ref. 15 c
— Our calculated results CB B

@ ®) © @

Mg content in Zn,Mg; ,Se increasing

N

=

o
-
©

N

(=]
-
o«

Maximum electron concentration (cm'a)

FIG. 9. Schematic of the change in bandgap and Fermi level in
10 20 30 20 50 Zn,Mg;_,Se alloy with increasing Mg content. Fda) (1—x)
Mg content (%) =0, (b (1-x) <5%, (¢) (1—x)~5-20%, and(d) (1—x)
>20%. The experimental value &f;,,adjusted for Mg concentra-
FIG. 8. Maximum achievable electron concentration as a funcition [see Eq(4)]. Calculated pinned Fermi levels, are shifted by
tion of Mg content in the ZgMg, _,Se alloy. a constant to reproduce the experimental value for pure ZnSe.

—

o
2.
N

o

Fermi level ., cannot be accurately calculated in our modelthe . to grow faster than the increase ., which leads
because of the LDAs failure in predicting the band gap ofto higher electron concentration. When more Mg is added
semiconductors. However, we think that the relative changé5—20 % as shown in panét) of Fig. 9], the increase i,

of ue is reliably calculated. Therefore in the calculation of is now much smaller than the change in bandgap, and the
the electron concentration, we use the experimental data f&@rrier concentration begins to fall. The situation with large
pure ZnSe to gefs, (about 130 meV above the bottom of Mg content (>20%) is shown in panel). Because most of
conduction bandin ZnSe, and then calculate changes to ob-the chlorine atoms are already surrounded by Mg atqus,
tain the corresponding. for Zn,Mg,_,Se for differentx. changes little, and the increase in the bandgap becomes the
Specifically, we calculated three points with Mg content of 1,dominant factor. Therefore, the carrier concentration drops
4, and 8 %. These concentrations correspond to one, two, arfiamatically for large Mg content. Calculations show that,
three Mg atoms as nearest neighbors to each chlorine atofar small Mg contentaround 5%, the maximum achievable
(see Fig. 5, with the corresponding shift i, equal to 50, €lectron concentration for the Z2vg; ,Se alloy system

80, 100 meV(see Fig. 4 For Mg content larger than 20% , Might be reached. However, it is only about 40% more than
as shown in Fig. 5, the number of Mg atoms Surroundinghat for pure ZnSe, a difference that may prove difficult to be
each chlorine atom is essentially 4. Above this concentratiorgonfirmed by experiments.

we thus use a constant shift jn, of 110 meV, obtained by

simple extrapolation from previous calculations. The calcu- V. CONCLUSION
lated results are shown as the solid line in Fig. 8.
The growth temperature of 600 K was used in the cal- We have shown that in chlorine-doped ZnMgSe alloy sys-

culation of the maximum electron concentration calculationtem, chlorine has a strong tendency to substitute on selenium
for ZnMgSe, resulting in extremely good agreement with thesites that are surrounded by Mg atoms. The formation ener-
experimental results. The growth temperature must be usegies for the chlorine-substituting for-selenium defects and
since the number of donord() and the number of accept- the chlorine-substituting-for-selenium with neighboring zinc-
ers (N,) are determined during the growth and remain fixedvacancy defect complex all decrease with increasing Mg
afterwards. For fully ionized donors, as would be expectedcontent. This decrease leads to higher chlorine incorporation
for the low thermal ionization energy of Cl in this system in Zn,Mg,; _,Se alloy with higher Mg content. Our most re-
(and especially in the degenerate gastectron concentra- cent MBE experiments clearly show this increased chlorine
tion (n=Ny—N,) will not change significantly when the solubility in Zn,Mg, _,Se alloys. However, with the presence
temperature is reduced from the growth temperatur®f magnesium, the decrease of the formation energy of the
(~600 K) to room temperature~<300 K). This situation compensating defect (§+V,,)!~ coupled with the increase
suggests that by increasing the growth temperature the elets band gap leads to a lower achievable electron compensa-
tron concentration can also be increased. tion. Thus, the net effect of adding magnesium to ZnSe is a
From Eg.(1), it follows that the maximum electron con- decrease in the maximum achievable electron concentration
centration depends only on the difference betwggnand  when chlorine is used as amtype dopant.
Egap at @ given temperature. The change in Fermi lgwgl
and bandgafEgy,, (experimental value usgdare both de-
picted schematically in Fig. 9. Pan@) shows pure ZnSe.
Panel(b) describes a small amount of Mg6%). Increas- This research was supported by National Science Founda-
ing numbers of Mg atoms around each chlorine atom causdfon Grant No. DMR-98-06299.
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