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Impurity doping in SiO,: Formation energies and defect levels from first-principles calculations
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Substitutional doping properties of silicon dioxide are investigated systematically with ab initio calculations.
The dopants include a range of elements from group-III, group-V, and group-VII. We find that SiO, has a
relatively symmetric doping profile in terms of its ionization energies, i.e., relatively shallow acceptor levels
and donor levels are both predicted, despite its wide experimental band gap of 9.65 eV. The best candidates for
p-type and n-type doping are Alg; and Pg; with calculated ionization energy of 0.86 eV and 0.74 eV, respec-
tively, both being less than 10% of the total band gap. Larger doping asymmetry exists in terms of the impurity
formation energy: under optimum (O-rich) growth conditions, the shallowest acceptor, Alg;, and donor, Pg;,
have formation energies of 1.75 eV and 3.05 eV, respectively. These results provide theoretical insights on how
to make this previously considered absolute insulator work as a wide-gap semiconductor at elevated

temperatures.
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I. INTRODUCTION

Silicon dioxide (SiO,), an abundant resource in nature,
holds an important status in various applications due to its
excellent optical and electrical properties.! For instance,
glass fiber is regarded as the basis of modern
communication.>? In the metal-oxide-semiconductor (MOS)
based microelectronic industry, SiO, has been widely used as
the isolated gate. However, the performance of SiO, is influ-
enced by the presence of various impurities. A large number
of experimental and theoretical studies have been devoted to
evaluate the impurity effect on its optical or electrical
properties.*~!7 For example, cationic impurities, such as alu-
minum or boron have been studied by optical absorption
spectra.'>!8 While it is generally accepted that these impuri-
ties would produce a series of distinct electronic levels in the
band gap, other dopants have been found to significantly
enhance the photosensitivity of SiO,. Phosphorus is a case.
With phosphorus doping the efficiency of rare-earth based
optical fiber amplifier is greatly increased. Furthermore,
phosphosilicate glass is considered to be a good candidate
for radiation sensors due to its near linear response to radia-
tion dose.”!%?0 Yet other impurities have been studied with
regard to improvement of the dielectric characteristics in the
usage of the MOS devices, for instance, nitrogen substituting
oxygen as a Si-O-N alloy can substantially enhance its di-
electric constant.!*+?!

Until now many efforts on SiO, doping focus on improv-
ing the application-demand characteristics. Due to the very
large band gap of SiO, (9.7 eV), it is generally accepted that
Si0, is exclusively an insulator. However, diamond was also
commonly believed to be an insulator due to its relatively
large band gap of 5.5 eV before the achievement of p-type
doping.?? As a matter of fact, the boundary between semi-
conductors and insulators is becoming more and more diffi-
cult to define, in light of recent success in doping wide-gap
materials such as AIN and ZnMgO for future ultraviolet op-
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toelectronic devices.>>** This raises an interesting and im-
portant question: can SiO, also be doped to become a semi-
conductor? Since SiO, is known to be the largest-gap
inorganic solid, it is an excellent test case for doping wide-
gap insulators.

In this paper, we address this question through systematic
calculations of the doping properties of substitutional impu-
rities in SiO,. The acceptors include group-1II elements (Bg;,
Alg;, and Gag;) and group-V elements (Ng, Pg, and Asg),
whereas the donors include group-V elements (Ng;, Pg;, and
Asg;) and group-VII elements (Fq, Cly, and Brg). We find
that, in general, the group-III-on-group-IV impurities have
shallower acceptor levels and the group-VII-on-group-VI im-
purities have shallower donor levels. These can be under-
stood because a group-III-on-group-IV site would not di-
rectly perturb the valence-band maximum (VBM) which is
oxygen derived. Similarly, a group-VII-on-group-VI site
would not directly perturb the conduction-band minimum
(CBM) which is silicon derived. However, there is an impor-
tant exception; namely, P-on-Si has by far the shallowest
donor level, being 0.74 eV below the CBM. In contrast, the
shallowest acceptor level, Al-on-Si, is 0.86 eV above the
VBM. The corresponding impurity formation energies, at the
most favorable oxygen rich growth condition, are 3.0 eV and
1.7 eV, respectively. We can estimate the solid solubilities at
the SiO, melt temperature of 1650 °C to obtain 10" cm™
and 10" cm™ for phosphor and aluminum doping, respec-
tively. With today’s doping techniques, one may boost the
doping level considerably from the solid solubility level by
nonequilibrium doping. These results thus suggest that dop-
ing Si0O, for electronic and optoelectronic applications may
be possible at least at elevated temperatures.

II. CALCULATION METHODS

We perform first-principles calculations based on the
density-functional theory (DFT),?>?¢ as implemented in the
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VASP codes.?” Projector augmented wave basis?® and gener-
alized gradient approximation (GGA)* with the Perdew-
Burke-Ernzerhof functional®® are employed. The structure
used is a quartz, which is the most stable crystalline allot-
rope of SiO, at STP. A 72-atom based 2 X 2 X 2 supercell is
used throughout the calculations. All of the atoms are al-
lowed to relax until Hellman-Feynman force is less than
0.03 eV/A. The cutoff energy and Monkhorst-Pack k-point
mesh grid are 540 eV and 2 X2 X2, respectively. Note that
DFT possesses residual self-interaction for electrons. As
such, it cannot accurately describe the local configuration for
defects in strong electron-localized systems.?! SiO, falls into
this category due to its strong ionic character. It has been
shown that the GGA+ U method can reduce the error due to
self-interaction to yield defect structures consistent with
experiment.’> Here, we use GGA+U for both geometry re-
laxation and the evaluation of defect formation energy. After
several tests, a U with 7 eV is endowed to the O 2p orbital.??
It is well known that GGA underestimates the band gap. In
the present case, the calculated band gap for SiO, with GGA
and GGA+U is 5.88 eV and 6.54 eV, respectively.

To determine the electrical effects of impurities, we focus
on the formation energies of impurity-related defects as well
as their transition levels. The formation energy of a dopant
determines the possibility of its existence in SiO,. The for-
mation energy, E/(X%), of element X substituting for element
Y in a bulk crystal is obtained from3* as follows:

E/(X{) = AE(X}) - w(X) + u(Y) + gEp, (1)

where, X is the impurity atom and Y is the replaced host
atom.

AE(X?’) = Etot(Xt)l’) - Ezot(bulk) - :U“(X)solid/gas + /J’(Y)solid/gas

+ 4&vpMm- (2)

Here, E,,(X%) is the total energy of a supercell containing the
substitutional dopant X (replacing Y) with charge g and
E,(bulk) is the total energy of the same bulk supercell.
(XD sotiargas ad (Y ) o1i41005 are the chemical potentials of
elements X and Y at solid/gas form. eypy, is the VBM of the
host supercell. w(X) and u(Y) are the chemical potential of
the elements X and Y referenced to w(X),yjqeqs and
1Y) orias¢as- Since the formation of dopants relate to the ex-
perimental growth or annealing environment, e.g., Si-rich
condition, O-rich condition, or between them, the formation
energy must depend on the chemical potential of X, Y, re-
flected by the environment. Under thermal equilibrium, the
chemical potential of host atoms must satisfy w(Si)+u(O)
=AH(Si0,), where AH(SiO,) is the formation enthalpy of
SiO, with the form of « quartz. Depending on the experi-
mental condition, u(Si), w(O) can vary in the range,

(Si— 0or condition)AH(SiOz) = (Si) =0
p M
(Si-rich condition),

3)
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AH(SIO,)

(O-poor condition) =w0)=0

(O-rich condition). (4)

From the calculated formation energies, which for charged
defects explicitly depend on Ef, we determine the thermody-
namic transition levels of the defects. The transition level,
defined as the value of Er where the different charge states
have the same formation energy, can be written as follows:

[AE(X)) - AE(XY)]

q'-q ’
where ¢ and ¢’ are the two different charge states of the
substitutional dopant, e.g., an acceptor transition level, £(0/
—1), is the Fermi energy at which the acceptor defect has
equal energy in the two different charge states, g=0 and ¢’
=-1, whereas a donor transition level, e(+1/0), is the Fermi
energy at which the donor defect has equal energy in the two
different charge states, g=1 and ¢’ =0.

While Eq. (5) yields the transition energy within the cal-
culated band gap of 6.54 €V, there exists a substantial devia-
tion from the experimental gap of 9.65 eV.* This large dis-
crepancy, of over 3 eV, is of particular concern in the
determination of whether a defect is shallow or deep, so care
must be taken in order to determine how the defect levels
shift as the gap is opened. In this work, we make an effort to
overcome this problem with the wave-function-projection
method (WPM).?® That is that when we raise the conduction
band to meet the experimental gap the transition levels are
modified according to the projected ratio of the defect state
on the VBM and CBM at the I" point of the Brillouin zone.
This method has been shown to give reasonable results.’’

elglq’) = ©)

III. RESULTS AND DISCUSSIONS
A. Atomic geometry

In @ quartz, each Si atom and its four neighboring O
atoms form a SiO, tetrahedron with C, symmetry. For most
impurities, the tetrahedron for the neutral substitutional im-
purity Xg; (X refers to every dopant) is preserved in LDA
calculations.!” In contrast, our GGA+U calculations destroy
the C, symmetry of the tetrahedron. Most of our calculations
are consistent with electron paramagnetic resonance (EPR)
or electron spin resonance experiment, including both local
structure and spin electron distribution.*%3%3 The only ex-
ception being Ngi, where it is difficult to find an experiment
result of an NO, tetrahedron in quartz. That, however, can be
attributed to its high formation energy, which will be dis-
cussed later. Figures 1(a) and 1(b) show the relaxed local
configuration of Si-substituted impurities and their corre-
sponding bond lengths. For group-III acceptors, one of the
X-0O bonds elongates significantly. Compared to the remain-
ing three, the elongated bond is increased by 44.7%, 10.6%,
and 12.7% for B, Al, and Ga, respectively. For group-V do-
nors, N has the similar bond-length variation that one bond
(N-O?) is 54.4% longer than the other three, whereas P and
As maintain the C, symmetry. For P and As, two pairs of
bonds are elongated (X-O? and X-O?), leaving a shorter pair
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FIG. 1. (Color online) The calculated atomic
geometry and the spin electron density for neutral
Xj; defects is shown in (a). The isosurface of spin

electron density is 0.005/ a63, where a is the
Bohr radius. The distance between neighbor oxy-
gen and the impurity is listed in (b), the longest
bond length and the second longest bond length
(only for P and As) between impurities and
neighboring O atoms are darkened. The four
neighboring O atoms are labeled in the atomic
geometry.

a)

b) Impurities B Al
ot 1.378 1.701
0?2 1377 1.687
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of bonds (X-O' and X-O*). The spin electron density distri-
butions [see Fig. 1(a)] clearly reveal the origin of the local
distortion, which could be classified as Jahn-Teller
distortion.** For group-IIl dopants, their spin charge is
mainly localized in the 2p orbital of the elongated-bond oxy-
gen atom. Due to the C, symmetry of the SiO, tetrahedron in
bulk (one pair of long bonds and one pair of short bonds) the
2p orbital of O is doubly degenerate. When a group-III dop-
ant (three valence electrons) replaces Si (four valence elec-
trons), the structure is stabilized when the hole occupies the
local orbital, with the degeneracy removed, rather than the
nonlocal degenerate orbital [see Fig. 1(a)]. This hole weak-
ens the Coulomb binding between the dopant and one of the
oxygen, elongating their distance. For the N impurity of
group-V, the extra unpaired electron does not occupy the
bonding states but antibonding state overlapped by one
0(0?)2p orbital and N sp* hybrid orbital. Hence this anti-
bonding state weakens the covalent bond of N-O?, leading to
a substantial extension of the N-O? bond. However, it is quite
different for case of P and As which should be attributed to
the existence of unoccupied d orbital. For the P dopant, the
antibonding state, which is occupied by the unpaired elec-
tron, is made up of its 3d orbital and the 2p orbital of the
related O (O? and O?). This is why the spin charge dominates
the region around the extended P-O? bond and P-O® bond.
Moreover, the increased angle of 032-P-O? shows more or
less the characteristics of d orbital bonding. The local struc-
ture for As is similar to that for P, the only difference being
that each of the As-O bonds are slightly longer than the cor-
responding P-O bonds. Chemically, the only difference is
that the occupied antibonding state is made up of 4d orbital
of As and 2p orbital of two related O (O? and O?).

B. Formation energy

Growth conditions can greatly affect the formation ener-
gies of defects. In SiO,, further considerations must be made

due to the number of secondary compounds, which can limit
the range of growth conditions. To avoid the formation of the
secondary compound X,,Z, (where Z is a host atom, O or Si),
the chemical potential must also satisfy mu(X)+nu(Z)
=AH(X,Z,), where AH(X,,Z,) is the formation enthalpy of
the secondary compound. From the equations above, the for-
mation energy is greatly limited by the formation enthalpies
of the secondary compounds. Table I shows the calculated
formation enthalpies of SiO, and the possible secondary
compounds. From the comparison with experiment, it can be
seen that while the formation enthalpies for the nonoxides
are quite reasonable, those of the oxides have a relatively
large error. This error for the oxides is mainly due to the U
parameter for energy calculation. However, as we detailed in
Sec. II, the U parameter is critical for reproducing reasonable

TABLE 1. Calculated and experimental formation enthalpies,
AH;, for SiO, and the possible secondary compounds. For the cal-
culation of formation enthalpy, we add U parameters (U=7 eV)
both on O 2p orbital of oxides and O, molecule which is consistent
with our procedure for geometry relaxation.

AH; (Calc.) AH; (Expt.)*

Compound (phase) (eV) (eV)
Si0, (s) 772 ~9.47
ALO; (s) ~13.90 ~17.40
As,05 (5) -5.33 ~9.25
B,O; (s) ~10.94 ~13.07
Ga,0; () ~7.98 ~11.29
P,0s (s) ~11.55

SizN, (5) -7.73 ~7.73
SiF, (2) ~15.63 ~16.77
SiCly (g) -6.43 -6.82
SiBr, (g) —4.64 —431

4Reference 41.
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FIG. 2. (Color online) Calculated formation energies as a function of Fermi level for the substitutional defects. Si-substituted defects with
neutral or =1 charged states are shown in (a) and (b). O-substituted defects with neutral or *1 charged states are shown in (c) and (d).
Formation energies of defects are shown for [(a) and (c)] O-rich conditions and [(b) and (d)] Si-rich conditions. The Fermi level varies from
0 at VBM to 6.54 eV at CBM, which is the calculated band gap of SiO, with GGA+ U. Figures 2(a) and 2(b) have the same legend panel
shown in (a). Figures 2(c) and 2(d) have the same legend panel shown in (d).

localized geometries of the defect structures. While this leads
to some unavoidable error in the domain of the allowable
chemical potentials, which is reflected in the formation ener-
gies, it should be noted that this in no way affects the defect
transition levels.

For charged defects, the formation energy is also a func-
tion of Fermi energy (Eg), as defined in Eq. (1). The Eg
varies from the VBM to the CBM according to the band gap
of a quartz. Here, we directly apply the calculated band gap
with GGA+U to define the variation in Eg. The formation
energies of the substitutional dopants, as a function of Eg, are
shown in Fig. 2. For neutral impurities, we can clearly see
that the Si-substituted dopants have lower formation energies
at the O-rich condition [see Fig. 2(a)], whereas the
O-substituted dopants have lower formation energies at Si-
rich condition [see Fig. 2(d)]. In fact, it makes sense that at
the O-rich condition the low concentration of O vacancy hin-
ders the O-substituted doping but the high concentration of
Si vacancy facilitates the Si-substituted doping and vice
versa at Si-rich condition. From the calculated results shown
in Fig. 2, the formation energies of the neutral group-III ac-
ceptors (Bg;, Alg;, and Gag;) are fairly low under O-rich con-
ditions, being 1.44 eV, 1.75 eV, and 2.23 eV, respectively. In
contrast, acceptors are much more difficult to form at the
Si-rich condition; the lowest formation energies for neutral
acceptors being the group-V acceptors (Ng, Pg, and Asg)
with formation energies of 3.01 eV, 2.68 eV, and 3.11 eV,
respectively. For the case of donors, the lowest formation
energy of the neutral group-V donors (Ng;, Pg;, and Asg;) are
4.92 eV, 3.05 eV, and 1.97 eV, respectively, at O-rich condi-
tion and the lowest ones for the neutral group-VII (Fg, Cl,
and Brg) donors are 2.75 eV, 3.39 eV, and 3.92 eV, respec-
tively, at Si-rich condition. In fact, the formation energy for
the dopants in SiO, exhibits a broad variation region. It can
be traced back to the wide band gap of SiO, and the rela-
tively large formation enthalpy of SiO,. Based on the forma-
tion energy, acceptors (group-III at the Si site) should be
quite easy to dope, with group-V at the O site being more

difficult. The doping of donors is more problematic due to
the generally higher formation energies. However, most do-
nors formation energies are less than 3.4 eV except Ng; and
Brg. Adequate doping concentrations may thus be attained
with modern nonequilibrium doping techniques.

C. Transition level

The transition levels of the substitutional dopants are
shown in Fig. 3. A comparison of the results with and with-
out the WPM correction shows that the impurity levels with
respect to the respective band edges do not change due to the
correction. For example, the acceptor levels relative to the
VBM increase typically by less than 0.01 eV; the donor lev-
els relative to the CBM decrease typically by less than 0.03
eV. The only exception is Ng; for which the decrease is 0.33
eV (more discussion on this exceptional and relatively large
shift will be given below). The virtually null result of the
projection is quite informative given the relative deepness of
all the impurity levels (>0.9 eV). It suggests that for SiO,
with a 9.65 eV band gap, a state 2-3 eV deep inside the band
gap is predominantly a band edge state, most likely with
physical properties similar to those of its parent states.

For acceptors, the transition levels of group-III dopants
Bg;, Alg;, and Gag; (1.18 eV, 0.86 eV, and 0.88 eV above the
VBM, respectively) are substantially lower than that of
group-V dopants Ng, Py, and Asg (2.34 eV, 3.73 eV, and
4.02 eV above the VBM, respectively). This can be under-
stood by noting that the VBM is mainly derived from the
O 2p orbital. The Si-substituted acceptors induce a smaller
perturbation than the O-substituted acceptors do. For Bg;,
Alg;, and Gag;, the small differences in the relative positions
of their transition level can be attributed to the degree to
which the hole is localized. This is reflected in the local
geometry, for instance, the Al impurity can be regarded as
the shallowest acceptor mostly due to the relatively small
elongation of its Xg;-O bond compared to B and Ga. For the
group-V impurity acceptors (O substituted), the transition
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(b) GGA+U (with WPM correction)
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FIG. 3. (Color online) The calculated thermodynamic transition levels for substitutional defects before and after modification in SiO,.
The value of transition levels are shown with respect to VBM. (a) The position of the transition levels and the calculated band gap with
GGA+U. (b) The transition levels after application of the wave-function-projection method and the experimental band gap.

level is more simply related to their electronegativity, it be-
ing easier to put an electron on a more electronegative atom.
Hence, as the substitutional atom becomes less electronega-
tive N, P, and then As, the corresponding defect level be-
comes deeper.

A similar result is found for the case of donors. The tran-
sition levels of the group-VII dopants (Fg, Cly, and Brg),
being 1.43 eV, 1.46 eV, and 1.36 eV below the CBM, respec-
tively, are generally shallower than those of the group-V
dopants (Ng;, Pg;, and Asg;), being 4.23 eV, 0.74 eV, and 2.97
eV below the CBM, respectively. The explanation for this
behavior is similar to the acceptors but here it is the
O-substituted donors which perform only a small perturba-
tion on CBM, mainly yielding shallower donor levels than
the Si substituted donors. The notable exception is Pg;, which
has the shallowest level of all the donors investigated, at only
0.74 eV below the CBM. The position of the donor levels of
group-V dopants at the Si site (much like as acceptors at the
O site) are primarily determined by their atomic levels and
subsequent relaxation. From their behavior in crystalline Si,
one might expect both P and As to introduce shallow donor
levels.*> While this is true for the case of Pg; (which retains
the crystal symmetry with very little relaxation), Asg; under-
goes local structural distortion, as indicated in the geometry
section, leading to a substantial deepening of the donor level
of Asg;, and hence becoming markedly deeper than that of
Pg;. Ng;, on the other hand, is quite deep; this is not only due
to the large ionization energy of the N atom but also due to
the broken N-O bond, as shown in Fig. 3(a).

In the light of the transition levels for the considered dop-
ants, the best candidate for n-type doping and p-type doping
are predicted to be Pg; (0.74 eV below CBM) and Alg; (0.86
eV above VBM), respectively, for the substitutional impuri-
ties. With a clear charge-transfer mechanism of Alg;, there
have been experimental reports on the level position of Alg;
in SiO, to be 1.96 eV above the VBM.%!> Since this is an
optical measurement, it does not include the relaxation effect

of the final state, and therefore, one cannot compare directly
with our calculated transition energy level, which should be
thermally excited instead. To facilitate a direct comparison
with the experiment, we have calculated the energy associ-
ated with the structural relaxation of Alg; after it is charged to
be 1.06 eV. We can then approximate the optical transition
level (thermodynamic level+relaxation energy) to be 1.92
eV, which is in surprisingly good agreement with experi-
ment. Similarly, for the Pg; case, it is approximated that the
optical transition level (0.74 eV of thermodynamic level
+3.05 eV of relaxation energy) to be 3.79 eV. While the
experimental situation is more complicated in phosphate
glass, the phosphorous-oxygen-hole center has been fitted to
three absorption bands at 2.3, 2.89, and 3.82 eV.!?

In general, n-type doping needs the CBM far away from
the vacuum level whereas the p-type doping needs VBM
close to the vacuum level.*>** Therefore, a complete success
for both p-type and n-type doping is quite difficult for mate-
rials with wide band gap, such as ZnO and diamond.*>*6 It
is, therefore, encouraging to see that SiO,, a very wide band-
gap material, possesses both relatively shallow donor and
acceptor transition levels. Although we refer to these levels
as “shallow,” it is important to note that we mean relative to
the very large gap of SiO,. In an absolute sense, 0.8 eV is
still quite deep in that it is very difficult to ionize at room
temperature.

IV. CONCLUSION

Our systematic investigation of the doping properties of
Si0, reveals no obvious doping asymmetry in the donor and
acceptor level position, and only modest asymmetry in the
impurity formation energy. With a GGA+U approach, we
achieve a description of the local configuration of substitut-
ing impurities in SiO, which is quite consistent with EPR
spectroscopy. It is found that SiO, can have both relatively
shallow (with respect to the band gap) acceptor and donor
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transition levels. Our predicted best candidates for p-type
and n-type doping are Alg; (0.86 eV above the VBM) and Pg;
(0.74 eV below the CBM), respectively, both of which are
consistent with previous experiments. These findings point
out that this generally accepted insulator would have poten-
tial applications on forming an active layer for semiconduc-
tor devices. To utilize such new character for SiO,, some
critical problems must necessarily be solved, such as the mi-
gration of free carriers. Fortunately, the hopping-transfer
mechanism of holes in disordered SiO, has been predicted.*’
Furthermore, the great success of the organic/polymer on
electronic devices provides a good example for an insulating
material being used as semiconductor. We expect some
procedures,*®*? such as codoping™® or band-gap reduction,’!
would further lower the acceptor/donor levels to meet the

PHYSICAL REVIEW B 82, 155132 (2010)

ultimate acquirement of practical applications.
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