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a b s t r a c t

We report first principles calculations demonstrating a dual-surfactant effect of Sb and H on enhanced

Zn, Mg, Be and Cd incorporation in organometallic vapor phase epitaxially grown GaP films. The

combined effects of Sb and H lower significantly the film doping energy during the epitaxial growth

of all the p-type dopants studied, while neither Sb nor H can work alone as effectively. The role of H is to

redistribution. We also predict that due to the low electronegativity of Mg, Sb and H will enhance Mg

doping the least among these dopants because Mg as an electron reservoir itself may negate the

electron reservoir effect of Sb. Our findings provide an important general physical understanding for

p-type doping in III—V thin films.

Published by Elsevier B.V.
In epitaxial growth, surfactants have been proved to be
effective to control the thin film microstructure, composition
and morphology and hence to improve the thin film properties
and device performance. Copel et al. in 1989 first used As as a
surfactant in the growth of Si/Ge/Si(0 0 1) to suppress island
formation [1]. Surfactant effects may affect crystal growth in
various ways: (1) they can change the growth mode. In addition to
Copel’s work [1], the growth mode of Ag on Ag(1 1 1) is also
changed when Sb is used as a surfactant [2,3]. (2) Surfactants can
reduce interface roughness. For example, Bi as a surfactant
reduces the surface roughness of InGaAs grown on GaAs
substrates [4]. (3) Interface alloy intermixing can be suppressed
by surfactants. For example, H can suppress the interface
intermixing of Ge(0 0 1) covered Si [5]. (4) They can be used to
change the surface reconstruction and, hence, induce the forma-
tion of various new ordered phases. For example, Sb is known to
suppress Cu–Pt ordering in GaInP [6]. At higher concentrations, it
can change the surface reconstruction from ð2� 4Þ to ð2� 3Þ- like
inducing a new ordered phase in InGaP [6]. (5) Surfactants can
also strongly affect the incorporation of dopants in semiconduc-
tors [7,8]. This last effect will be the focus of this paper.
B.V.
The surfactant effects listed above may be attributed to several
physical mechanisms. Surfactants can change the growth thermo-
dynamics, by altering the surface energy. For example, surface As
is known to lower the surface energy of the Si/Ge/Si system to
suppress island formation [1]. In addition to changing the
thermodynamics, surfactants can also change the growth kinetics,
such as surface diffusion [2] and the size of step-edge barriers [3].
For example, Sb as a surfactant has been shown to reduce the
mobility of Ag adatoms. This results in a higher island density
leading to a change of growth mode. Sb as a surfactant on Ag
(1 1 1) or GaAs can also reduce the step edge barrier and promote
smoother growth morphologies [3,9].

Obtaining high doping levels in high bandgap materials has
been a difficult problem for decades. This hinders high-level
p-type doping in III–V materials such as phosphide and nitride
semiconductors. This may be caused by several factors, including
the limited solubility of acceptors, H passivation of acceptors, and
high acceptor-hole binding energies [10,11]. An effective ap-
proach to achieving high p-type doping levels in GaInP, GaP, and
GaAs employs the use of surfactants during organometallic vapor-
phase epitaxy (OMVPE) growth [6–8]. For example, a recent study
showed that Sb can be used to enhance the incorporation of
dopants, such as Zn [7,8], and reduce unintentional impurities,
such as C, S, and Si [8]. In addition to Sb, surface H was postulated
to also play a role in the doping process [7,8]. The enhanced Zn
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Fig. 2. Schematic illustration of various doping configurations, with one p-type

dopant atom replacing a Ga atom in the first cation layer. DE indicates the change

of film doping energy from one configuration to another indicated by the arrows.

Largest (black) sphere: Sb; large (orange) sphere: P; medium (wine) sphere: Ga;

small (blue): p-type dopant; smallest (white) sphere: H. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article.)

Fig. 3. (Color online) Ball-stick schematic illustration of one p-type dopant atom

doped in the second cation layer. Atom labels are the same as in Fig. 2. (a) Dopant

atom doped at the site between two surface dimers with three surface H. (b)

Dopant atom doped at the site below a surface dimer with three surface H. (c)

Dopant atom doped at the site between two surface dimers with two surface H

and one bulk H next to dopant. (The arrows indicate the position of the dopant

atom relative to the surface dimer.)
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doping was speculated to be caused by kinetic and/or thermo-
dynamic factors. The presence of Sb may increase the surface
diffusion of Zn and allow more Zn to reach step edges and
incorporate into the film [12]. Also, the neutral Zn–H complexes
have a lower film doping energy than the isolated Zn [7].
However, there remains insufficient understanding of the under-
lying doping mechanisms associated with surfactants because it is
impossible to directly observe the microscopic doping process.

A surfactant in epitaxial growth is defined as an active element
that floats on top of the growing film surface. It is usually a single
foreign element. Recently, we introduced a ‘‘dual-surfactant’’
effect, for which the surfactants can assist p-type doping of the
epitaxial film only when two foreign surface elements are present
while neither of the two can act alone to assist doping [13].
Specifically, we studied theoretically the doping process of Zn in
GaP and found that the combined effects of Sb and H lower
significantly the Zn film doping energy, while neither Sb nor H can
work alone as effectively. Here, we use the term ‘‘film’’ doping
energy as the energy change for a dopant atom (such as Zn)
replacing a cation atom (such as Ga) in the subsurface position
during epitaxial growth process to differentiate from the ‘‘bulk’’
doping energy for a dopant atom replacing a cation atom in the
bulk. In this paper, we report the results of an investigation of the
possible dual surfactant effects of Sb and H on the incorporation
of other p-type dopants sitting on the Ga sublattice in GaP.

We have carried out extensive first-principles calculations of
Zn, Mg, Be and Cd incorporation in (0 0 1) GaP films under the
influence of surface Sb and H. We found that Sb alone has little
effect on the film doping energy of all the dopants in GaP film, and
it is only when H is also present that the film doping energy is
substantially lowered by Sb. Also, surface H does not function as
effectively alone without Sb. It is, thus, the combined effect of Sb
and H that makes the p-type doping processes thermodynami-
cally favorable. The role of Sb is to serve as an electron reservoir to
accommodate the redistribution of electrons, in a similar spirit to
the generalized electron counting rule (ECR) in the semiconductor
surface with metal elements [14]. The role of H is to supply the
one electron missing from the p-type dopant, so that the system
can satisfy the ECR [15]. Experimentally, it is difficult to achieve
high doping levels of Mg and Zn in III–V systems [8,16]. Our
findings may illustrate an important theoretical insight and
suggest a common strategy for improved p-type doping during
epitaxial growth in all III–V compounds.

Our calculations were performed using the Vienna ab initio

simulation package [17] within the local density approximation.
We model the GaP (0 0 1) films by the same technique as we
applied in our previous calculation on the dual surfactant effect of
Sb and H on Zn in GaP [13].

In our calculation, we chose the ð2� 2Þ reconstructed surface
as shown in Fig. 1, as explained in reference [13]. To obtain the
film doping energy during epitaxial growth, we replace one Ga
atom in the first (Fig. 2) or second (Fig. 3) cation layer with a
p-type dopant atom and calculate the energy difference between
the doped system and the undoped system. The effect of
surfactant Sb on the film doping energy was calculated by
Fig. 1. Schematics of GaP supercell slab. Large orange sphere: P; small wine

sphere: Ga; smallest white sphere: H. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
replacing surface P dimers with Sb dimers, assuming the surface
reconstruction remains the same [20]. The effect of H as the
second surfactant was studied by introducing different
concentrations and configurations of H on the surface. The film
doping energy is defined as

DEdoping ¼ Edoped � EundopedþmGa � mDopant ; ð1Þ

where Edoped ðEundopedÞ is the total energy of the doped (undoped)

system, i.e. supercell; mGa ðmDopantÞ is the chemical potentials

of Ga (dopant). In general, mGa may vary from mGa½bulk�þDHf ½GaP�

(the P-rich condition) to mGa½bulk� (the Ga-rich condition) [21],

where DHf ½GaP� is the GaP enthalpy of formation; mDopant equals

mDopant½bulk�. In calculating the change of film doping energy due

to surfactant Sb, mGa and mZn do not appear. In the case of H, the

film doping energy depends on the chemical potential of H ðmHÞ if

one additional H is added to the system upon doping. The
chemical potential of H is a variable strongly depending upon the
growth condition. Here, we choose the typical value of
mH ¼ � 0:67 eV, one-half of the energy of an H2 molecule at
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T ¼ 900 K, p¼ 1 atm [22]. We stress that this is different from the
value we used in the original analysis [13], which would

correspond to a H partial pressure of 10�10 atm, unrealistically
low for the OMVPE growth. We further note that in the OMVPE
growth, there is a large catalytic effect of the phosphide surface on
the decomposition of precursors [23]. So the actual chemical
potential of the atomic H may be difficult to estimate due to non-
equilibrium conditions at the surface. The chemical potential
given here in the gas phase may be considered as the lower limit,
because the actual H chemical potential could be higher due to
the surface adsorption and decomposition of the precursor [23].
This would lead to a larger doping energy drop due to the extra H
than our estimation.

First, we studied the doping energy differences of bulk vs. film
without surfactant. We calculated the p-type doping energy in bulk
GaP as a reference. Then, we calculated the p-type film doping
energy in the surface positions of a GaP (0 0 1) film, by replacing the
Ga in the first cation layer (Fig. 2a). Also, to exclude the possible
surfactant enhancement effect of H, we do not include H on the top
of the ð2� 2Þ surface in this calculation. We obtained the bulk and
film doping energies for Zn, Be, Mg, Cd shown in Table 1. The fourth
column of Table 1 shows the doping energy difference for all the
dopants between the film and bulk. We found the presence of the
surface lowers the doping energy from 0.2 eV to about 1 eV in
reference to bulk for different dopants. This difference is possibly
due to the covalent radius difference. The covalent radius of Zn is
very close to that of Ga and the covalent radius of Be is slightly
smaller than that of Ga. Thus when Zn or Be is incorporated, the
difference of doping energy in the bulk vs. in the film is small
because of the small strain effect. In contrast, the covalent radii of Cd
and Mg are larger than that of Ga, so the presence of surface in the
film allows more strain relaxation to accommodate the large size of
Cd and Mg, and hence to reduce noticeably the film doping energy
relative to that in the bulk.

Next, we investigated the surfactant effect of Sb. When Sb is
introduced during OMVPE growth, it stays on top of the surface
replacing the P surface dimers, due to its large atomic size and
lower dangling bond energy (see Fig. 2b). This has been
demonstrated experimentally by surface photo reflection spectra
[24] and is supported by first-principles calculations [20]. To
exclude the possible surfactant enhancement effect of H, we at
first did not include H on the surface. In our previous study of Zn
doping, we replaced surface P dimers with Sb dimers without H
(Fig. 2b) and obtained DESb;Zn

1st ¼ 2:53 eVþmGa � mZn, which is
0.07 eV higher than the P dimer case [13]. This film doping
energy difference is defined as DE1 in Table 2. Here, we performed
Table 1
Doping energies of bulk and film without surfactant for different dopants.

Bulk Film EFilm � EBulk (eV)

Be 0:23 eVþmGa � mBe 0:02 eVþmGa � mBe �0:21

Zn 2:69 eVþmGa � mZn 2:46 eVþmGa � mZn �0:23

Mg 2:61 eVþmGa � mMg 2:14 eVþmGa � mMg �0:47

Cd 3:69 eVþmGa � mCd 2:74 eVþmGa � mCd �0:95

Table 2
Film doping energy difference for p-type dopants with different surface

configurations in GaP as shown in Fig. 2.

Zn Mg Cd Be

DE1 ðeVÞ 0.07 �0.15 0.19 0.36

DE2 ðeVÞ 0.22 0.07 0.55 0.41

DE3 ðeVÞ �0.78 �0.47 �0.49 �0.92

DE4 ðeVÞ �0.93 �0.69 �0.85 �0.97
the same calculation for dopants Be, Mg and Cd, and obtained
DESb;Be

1st ¼ 0:38 eVþmGa � mBe, DESb;Mg
1st ¼ 1:99 eVþmGa � mMg and

DESb;Cd
1st ¼ 2:93 eVþmGa � mCd, respectively. In comparison to the

case of P surface dimers, the corresponding film doping energy
changes are DE1ðBeÞ ¼ 0:36 eV, DE1ðMgÞ ¼ � 0:15 eV and
DE1ðCdÞ ¼ 0:19 eV, as listed in Table 2. Importantly, we found
that for all p-type dopants studied, the film doping energy
difference, DE1 (Fig. 2a vs. b), between the Sb dimer case and the P
dimer case is nearly zero (Zn, Mg) or positive (Cd, Mg). This
indicates that Sb alone does not significantly enhance the p-type
doping of GaP without H.

Next, we studied the role of H in the doping process. OMVPE
growth produces a large concentration of atomic H on the surface
[23]. A significant concentration of H (presumably in the form of
Zn–H and C–H complexes) is observed in the GaP epitaxial films
[8]. Surface H allows the surface to satisfy the ECR [15]. The clean
GaPð0 0 1Þ�ð2� 2Þ model surfaces discussed above do not satisfy
the ECR. This provides a thermodynamic driving force for H to
incorporate into the film.

In order for the GaPð0 0 1Þ�ð2� 2Þ surface to satisfy the ECR,
one H can be added to each surface dimer on alternating sides,
causing dimer buckling. This has been shown by our calculations
to have the lowest energy [13]. When Sb is incorporated as a
surfactant, the H bonds to the Sb dimers in the same way (see
Fig. 2d), because Sb is isoelectronic with P. Thus, to investigate the
role of H, we calculated the film doping energy with surface H.
First, we tested the situation with two surface H/cell without Sb
(Fig. 2c). Assuming that the H coverage remained the same, with
two H atoms before and after dopant incorporation. Previously for
Zn doping we found DEP22H!2H

1st ¼ 2:68 eVþmGa � mZn [13], which
is 0.22 eV higher than the case without H, as shown in Fig. 2c vs. a.
This shows that without Sb, H alone does not enhance the doping.
This film doping energy difference is defined as DE2 in Table 2. We
believe that this is largely because the ECR is satisfied before
doping, but violated after doping. Here, for the other p-type
dopants studied, we found a similar trend. The film doping
energies for the case with H for Mg, Cd and Be are, respectively,
0.07, 0.55 and 0.41 eV higher than the case without H, listed as
DE2 in Table 2. So we concluded that when H is introduced into
the system without Sb, the film doping energy for the p-type
dopants doesn’t drop.

Next, we investigated the combined effects of Sb and H.
Assuming again a surface covered with 2H/cell before and after
the p-type dopant incorporation (see Fig. 2d), we previously found
that for the case of Zn, DESb22H!2H

1st ¼ 1:75 eVþmGa � mZn [13].
Clearly, the Zn film doping energy is substantially reduced, by
0.78 eV, relative to the bare Sb-terminated surface without H from
Fig. 2b to d (defined as DE3 in Table 2) and by 0.93 eV relative to the
H-covered P-terminated surface without Sb from Fig. 2c to d
(defined as DE4 in Table 2). We have termed this intriguing
observation the ‘‘dual-surfactant’’ effect of Sb and H: the two

surfactants work together in a constructive manner to lower the Zn film

doping energy, while they do not lower the Zn film doping energy

individually. For other p-type dopants, we found a similar trend. As
shown by the values of DE3 and DE4 in Table 2, the film doping
energy for Mg with both Sb and H is 0.47 eV lower than the case
with only Sb and 0.69 eV lower than the case with only H. The film
doping energy for Cd with both Sb and H is 0.49 eV lower than the
case with only Sb, and 0.85 eV lower than case with
only H. The film doping energy for Be with both Sb and H is
0.92 eV lower than the case with only Sb and 0.97 eV lower
than the case with only H. So the dual surfactant effect can be
extended to all the p-type dopants studied: the surfactants Sb and H

work together in a constructive manner to lower the p-type film doping

energy for a wide range of acceptor elements residing on the group III

sublattice.
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The above results indicate that the surfactant effect of Sb is
enhanced when surface H is also introduced. The underlying
physical reason giving rise to the effect of Sb is probably due to
the lower electronegativity of Sb in comparison with P. In a
similar spirit to the generalized ECR in the semiconductor surface
with metal elements proposed recently [14]. Antimony is more
metallic than P, so that Sb can serve more effectively as an
electron reservoir to accommodate the redistribution of electrons
when a p-type dopant is present. Since the p-type dopant will
violate the ECR by having one less electron, it is easier for Sb than
for P to accommodate the missing electron in order to ‘‘partially’’
satisfy the ECR. Also, we can see that the dual surfactant effect in
decreasing the film doping energy is smallest for Mg, compared
with the other three elements. This is probably due to the
electronegativity difference among these dopants. Mg, Be, Cd and
Zn have electronegativities of 1.31, 1.57, 1.69, 1.65, respectively
[25]. So the electronegativity of Mg is noticeably the lowest
among all these four elements. Thus, relatively more electrons of
Mg can contribute to the electron redistribution, and the dopant
Mg itself can be considered as an electron reservoir which might
negate part of the electron reservoir effect that Sb contributes to
the system. Consequently, Sb and H have the smallest dual
surfactant effect for Mg incorporation.

Next, we investigated the surface configuration with three
surface hydrogen atoms per four Sb atoms. The ECR is violated
after the dopant is incorporated if the surface H remains constant.
In order to satisfy the ECR, one additional H has to be added.
In our previous study of Zn, to quantify the role of the extra H,
we calculated the Zn film doping energy by assuming a
surface covered with 2H before, but with 3H after doping

(see Fig. 4b–c). We found that DESb22H!3H
1stZn ¼ � 0:63 eVþmGa �

mZn � mH ¼ 0:04 eVþmGa � mZn [13] (note that the value is different

from Ref. [13] due to a different mH used here. The same is true for

doping whenever mH appears in the rest of the paper). Clearly, by

adding an extra H after doping to satisfy the ECR, the film doping
energy of the Zn can be decreased further depending on the H
chemical potential ðmHÞ. Here, we examine the effect of the third H

for the case of Mg/Cd/Be, and find that DESb22H!3H
1stMg ¼ � 0:91 eVþ

mGa � mZn � mH ¼ � 0:24 eVþmGa � mMg , DESb22H!3H
1stCd ¼ 0:84 eVþ

mGa � mCd and DESb22H!3H
1stBe ¼ � 2:38 eVþ mGa � mBe, respectively.

So once again, the film doping energy of Mg/Cd/Be can be further
decreased depending on the chemical potential of H. Since the
chemical potential of H we use here is the lower limit, in the
actual growth, we expect a larger doping energy drop.

So far, we have shown the dual-surfactant effect of Sb and H in
enhancing the p-type doping in the first cation layer, i.e., the
surface position. It is also important to investigate the configura-
tion where the dopant replaces a Ga atom at the second cation
layer, i.e., the subsurface or ‘‘bulk’’ position. In our previous study
Fig. 4. (Color online) Schematic illustration of a plausible doping process, with one Mg(

Mg(Zn) doped into the first cation layer with surface P dimers. (b) Mg(Zn) doped into

added onto the surface to satisfy ECR. (d) H co-doped with Mg(Zn) into the 2nd cation
of Zn, we considered two possible configurations: one with Zn in
the second cation layer between two surface Sb dimers (Fig. 3a)
and the other directly below the surface Sb dimers (Fig. 3b). The

respective film doping energies were DESb22H!3H
2ndZn;between ¼ 0:13 eVþ

mGa � mZn and DESb22H!3H
2ndZn;below ¼ 0:21 eVþmGa � mZn [13]. The 0.08 eV

difference between the two reflects the dependence of Zn film
doping energy on the ‘‘atomic-level’’ stress at these sites [26] and
Zn is slightly favored at the tensile sites between surface dimers
relative to the compressive sites directly below surface dimers.
Here, we have expanded this treatment to include Mg/Cd/Be and
found a similar result. The respective film doping energies are:

DESb22H!3H
2ndMg;between ¼ 0:3 eVþmGa � mMg and DESb22H!3H

2ndMg;below ¼ 0:58 eVþ

mGa � mMg; DESb22H!3H
2ndCd;between ¼ 1:1 eVþmGa � mCd and DESb22H!3H

2ndCd;below ¼

1:46 eVþmGa � mCd; DESb22H!3H
2ndBe;between ¼ � 2:25 eVþ mGa � mBe and

DESb22H!3H
2ndBe;below ¼ � 2:31 eVþmGa � mBe. The 0.28 eV energy difference

between the two sites for Mg and 0.36 eV energy difference
between the two sites for Cd, which are larger than that of Zn are
probably due to the larger covalent radii of Mg and Cd [27]. So the
tensile site is even more favored by a larger Mg and Cd. Be is
slightly favored at the compressive site, which is due to the
smaller covalent radius of Be.

Lastly, we have investigated co-doping of the p-type dopant
and H into the GaP bulk. Experimental observation indicated that
complexes of Zn, P and H form during doping of Zn in GaP [28].
This suggests some H goes into the bulk with the acceptor. In our
previous Zn study, we calculated the energies associated with one
H incorporation into the subsurface with Zn, and determined the
Zn–P–H complex structures. Fig. 3c shows the doping of a Zn atom
in the subsurface (or ‘‘bulk’’) position along with an H atom next
to it. There will be 2 H atoms remaining on the surface
(in comparison to 3H in Fig. 3a), so that the ECR is still satisfied.

When a surface H goes into the subsurface, it changes the
dopant bonding configuration, forming a dopant-P–H complex.
Without H, the dopant bonds with four neighboring P atoms in
an sp3 hybridization (a tetrahedral structure, Fig. 3a). With the
extra H, one dopant-P bond is broken to form a P–H bond, and
the dopant bonds with three neighboring P atoms in an sp2

hybridization (a planar structure, Fig. 3c). This can also be
explained by the ECR. The dopant provides two valance electrons
and the H provides one. For both P–H and P-dopant bonds, this
takes 3

4 electrons, so their sum gives three electrons total to satisfy
the ECR. Thus, when H is co-doped with the dopant, it changes the
dopant bonding configuration from sp3 to sp2 hybridization,
forming three dopant-P bonds plus an empty orbital.

The co-doping of H with dopant into the subsurface is also
found to be energetically favorable. The film doping energy at
the 2nd-cation-layer positions forming the Zn–P–H complex was

found previously to be DESb22H!1bulkH
2nd;Zn ¼ � 0:19 eVþmGa � mZn
Zn) atom replacing a Ga atom in GaP film. Atom labels are the same as in Fig. 1. (a)

the first cation layer replacing Ga with surface Sb dimers. (c) One additional H is

layer to form a Mg(Zn)–P–H complex.
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[13], which is about 0.2 eV lower than the corresponding cases
with all 3H atoms remaining on the surface. This suggests that
there exists a thermodynamic driving force for one H atom to
go into the subsurface (or ‘‘bulk’’) with the dopant, i.e. co-doping
of the Zn with H. We have further performed the 2nd
cation layer Mg/Cd/Be doping calculation. The film doping energy

is DESb22H!1bulkH
2nd;Mg ¼ � 0:29 eVþmGa � mMg , DESb22H!1bulkH

2nd;Cd ¼

0:80 eVþmGa � mCd and DESb22H!1bulkH
2nd;Be ¼ � 2:59 eVþmGa � mBe.

All the energies are lower than the corresponding case with all
3H atoms on the surface. So, similar to H co-doping with Zn into
the bulk, it is confirmed that there is a thermodynamic driving
force for one H atom to go into the bulk with Mg/Cd/Be. On the
other hand, it is known that H would compensate the p-type
dopant in bulk GaP, mitigating the doping effect [29,30], which is
also confirmed by our electronic structure calculations. To
activate the acceptor, annealing can be done after the doping
process to remove the H [29,30]. In other words, the co-doped H
must be removed after it serves its purpose to assist the dopant
incorporation.

Now, based on all the above calculations, we postulate a
plausible complete p-type doping process during OMVPE growth,
the same as the Zn doping process [13] in GaP, driven by the dual
surfactant effect of Sb and H as shown in Fig. 4 for Mg as an
example. The doping of Mg in the original P-terminated surface
covered with 2H/cell is shown in Fig. 4a. In the first step, with Sb
always replacing the P dimers, a Mg atom is added into the first
cation layer (Fig. 4b), where it assists the doping process. Two
surface H atoms allow the ECR to be satisfied before doping and
Sb plays the role of providing an electron reservoir to accom-
modate the redistribution of electrons when the ECR is violated
after the key step involving exchange of surface Mg and Ga from
the lattice. In a subsequent step, one additional H is added to the
surface to further assist the doping process by adding one more
electron to satisfy the ECR (Fig. 4c). In the third step, the Mg atom
goes into the subsurface (‘‘bulk’’) and replaces a Ga atom in the
2nd or lower cation layers. Simultaneously, a surface H goes
together with Mg into the subsurface (‘‘bulk’’) as a co-dopant to
form a Mg–P–H complex, as shown in Fig. 4d, where the ECR is
satisfied both at the surface and in the bulk at the complex site.
The co-doped H needs to be removed later by annealing to
activate the acceptor.
Fig. 5. Change of doping energy at each doping step as shown in Fig. 4. Square

(black): Zn as dopant; circle (red): Mg as dopant. Triangle (blue): Cd; star (green):

Be. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
The corresponding film doping energy changes are shown in
Fig. 5 for the case of Zn, Mg, Cd and Be. The squares are for Zn. The
first step has DE¼ � 0:93 eV, showing the energy difference
between the Sb/2H enhanced system and P/2H system. The
second step has DE¼ � 1:71 eV, showing the energy difference
between the Sb/3H system and Sb/2H system. The third step has
DE¼ � 0:23 eV, showing the energy difference between the P–
Zn–H complex and Sb/3H system. For Mg (circle)/Cd (triangle)/Be
(star), the first step has DE¼ � 0:69, �0:85 and �0:97 eV,
respectively, reflecting the role of Sb and 2H as dual surfactants;
the second step has DE¼ � 1:82, �1:65 and �1:83 eV,
respectively, reflecting the role of the third H (also, in the
growth chamber, due to the higher chemical potential of H than
our estimated value, the doping energy drop will be greater than
our calculated result); the third step has DE¼ � 0:05, �0:04 and
�0:2 eV, reflecting the energy gain in forming P–Mg/Cd/Be–H
complex. Consequently, we have an overall downhill energy
landscape for the whole doping process thermodynamically.
Notice that the second-step film doping energy with one H
added to the system depends on the H chemical potential, while
the third-step H film co-doping energy with one H moving from
surface to bulk does not. This implies that one may increase the
partial pressure of H and hence H chemical potential during
growth to further enhance p-type doping in the second step.
Also, we predict that the dual surfactant effect is the strongest for
Be and weakest for Mg and Cd, which still needs further
experimental work to prove.

Our theoretical picture of the dual-surfactant effect and its
underlying physical mechanism based on the ECR is qualitatively
consistent with the experimental observation of both the
enhanced Zn doping with Sb introduction during OMVPE growth
and the co-incorporation of H with Zn [7,8]. However, because the
computation is limited to a small cell size, we can only calculate a
few representative cases of surface structures, surface coverage,
and dopant concentrations. Therefore, the actual energy values
may vary with these conditions and should be treated with
caution. However, the overall trend of the calculated energy
changes is expected to be generally correct. Also, other factors,
such as temperature and kinetic rates of atom exchange and
incorporation, need to be taken into account in future studies in
order to obtain a more complete picture of the dual-surfactant
effect. For example, from the energy scales shown in Fig. 5,
temperature is expected to have a lesser effect on the Zn and Mg
film doping energy (1.0, 0.7 eV in step 1) than on the H film co-
doping energy (0.2, 0.05 eV in step 3). However, changing
temperature will change surface H coverage which will in turn
affect film doping energy. The kinetic barriers associated with
each step of the process are also important, but their calculations
would go beyond the scope of this work which focuses on the
thermodynamic aspects of film doping energies and the under-
lying physical principles based on ECR. Entropy also enters the
free energy calculation. At high temperature limit, the vibrational
entropy can be approximated as S¼ 3R½lnðT=TDebyeÞþ 4

3� [31],
where, TDebye is the Debye temperature, which is 445 K for GaP
[32]. At 900 K, the entropy is 50.5 J/kmol. However, the entropy
effect is canceled in the calculation of the change of doping energy
due to the surfactant effect.

In conclusion, we have discovered an interesting dual-
surfactant effect of Sb and H for p-type doping enhancement for
Zn, Cd, Mg and Be. The dual-surfactant with two surface elements
will greatly broaden the scope and application of the conventional
surfactant effect with one surface element. The two surface H
atoms serve as part of the dual surfactant effect and the H in the
bulk serves as a co-dopant. Specifically, in order to accommodate
the p-type dopant incorporation, the role of the surfactant Sb
(a ‘‘metallic’’ element) is to provide an electron reservoir to
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redistribute electrons, while the role of the two surfactant H is to
satisfy the ECR at the surface before doping, and the co-doped H (a
‘‘single electron’’) is to add one electron to satisfy ECR in the bulk
after the doping. Later annealing allows the codoped H to diffuse
away. We believe the dual-surfactant effect we disclose here can
be used as a general strategy for enhancing p-type doping of III–V
semiconductors by using a metallic-element with H as dual-
surfactants and co-dopants.

The authors are grateful to DOE-BES for supporting this work. The
calculations were performed on AMD Opteron cluster at the CHPC,
University of Utah. We thank Anil Virkar for helpful discussions.
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