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ABSTRACT

B-Ga203 has attracted much recent attention as a promising ultrawide bandgap semiconductor.
Hydrogen can affect the conductivity of B-Ga>O3 through the introduction of shallow donors and
the passivation of deep acceptors. The introduction of H or D into B-Ga>O3 by annealing in an
H. or D, ambient at elevated temperature produces different classes of O-H or O-D centers.
This work is a study of the interaction of D with V;,; and V., deep acceptors as well as other
impurities and native defects in Ga,Os by infrared spectroscopy and complementary theory.
(We focus primarily on the deuterium isotope of hydrogen because the vibrational modes of O-D
centers can be detected with higher signal-to-noise ratio than those of O-H.) O-D centers in 3-
Gay0s3 evolve upon annealing in an inert ambient and are transformed from one type of O-D
center into another. These reactions affect the compensation of unintentional shallow donors by
deep acceptors that are passivated by D. Defects involving additional impurities in f-Ga2Os
compete with V;, deep acceptors for D and modify the deuterium-related reactions that occur.
The defect reactions that occur when D is introduced by annealing in a D, ambient appear to be
simpler than those observed for other introduction methods and provide a foundation for

understanding the D-related reactions that can occur in more complicated situations.
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[. INTRODUCTION

-Ga»03 has a band-gap energy of 4.9 eV and shows great promise for next-generation,
high-power and deep-UV devices."® Defects and impurities in B-Ga,0s that determine its
electrical properties are being investigated extensively.® Hydrogen impurities in semiconducting
oxides and their interactions with other defects strongly affect conductivity.”® This is also the
case for H in B-Ga,03%'%"" where H centers have their own unique behaviors that continue to be

revealed.

The implantation of H into -Ga;Os introduces both H and native defects with which it
interacts.'?'* Similarly, the introduction of H by H-plasma exposure introduces both H and
native defects.'>'® In another recent study, the defects that H can interact with have been
manipulated by pre-annealing samples under oxygen or Ga-rich conditions prior to the

introduction of H to produce surprising effects on the electrical properties of B-Gaz03.""

Furthermore, the introduction of H into unintentionally doped 3-Ga»O3 by annealing in an H»
ambient at elevated temperature has been found to introduce several O-H centers.%-?!
However, the interaction with native defects appears to be simpler in this case and to be
dominated by reactions of H with V;, centers. [B-Ga203 has two inequivalent Ga sites, Ga(1)

that is tetrahedrally coordinated and Ga(2) that is octahedrally coordinated.'?4]

The V, centers in turn exhibit several “split” structures, the first noted by Varley et al.?? and
others by Kyrtsos et al.?*> who denoted them as “a”, “b”, and “c.” In these cases, one
neighboring Ga moves into an interstitial site adjacent to the original vacancy, resulting in a
vacancy — interstitial — vacancy configuration which may be lower in energy than the unshifted

vacancy.?

IR absorption spectroscopy measured with polarized light for H in Ga>,O3 has revealed a
dominant O-H center that gives rise to a vibrational line at 3437 cm' with distinctive properties

in samples that contain both H and D."®2° Theory has assigned the 3437 cm™' line to a

Vg:b — 2H complex with two H atoms trapped by a split Ga(1) vacancy with the “b”

al
configuration, V2. . Similarly, D in Ga,0js gives rise to a D line at 2546 cm that was assigned
toa Vi, — 2D complex.’® The split structures have also been observed by electron
paramagnetic resonance?®>?¢ and scanning transmission electron microscopy.?’” Positron

annihilation results for 3-Ga.O3 have also been found to be dominated by split Ga vacancies.?®

Additional O-H (O-D) lines that are less thermally stable have also been discovered.?°

These O-H (O-D) centers were not seen in early experiments'® performed for wafers with a
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(201) face because several have transition moments perpendicular to (201). To explain their
polarization properties, several of these lines have been assigned to H (D) trapped at a relaxed

Va1 center with the split “c” configuration?!, V.

B-Ga20s3 hydrogenated by annealing in an H, ambient has also been studied recently by
deep level transient spectroscopy (DLTS) and a broad DLTS peak labeled E1 was produced.?!
The assignment of E1 to overlapping DLTS peaks arising from H-containing complexes with

similar structures was suggested.

In the present paper, the combination of vibrational spectroscopy?®2° and free-carrier
absorption®'32 is used to further investigate the O-H and O-D centers that are formed in 8-
Gaz0s by annealing in an Hz or D, ambient, their reactions upon annealing, and their effect on
conductivity. These results provide a foundation for understanding more complex situations
where additional defects from implantation, plasma exposure, and annealing pretreatments also

are involved.

B-Ga,03 can be doped with Fe to produce semi-insulating substrates.®?® Impurities in B-
Ga»0s3 can act as traps for H that compete with V;, defects.3*3 We have introduced H and D
into a heavily Fe-doped B-Ga>O3; sample grown by the Czochralski method?®” to investigate the
trapping of H or D by impurities and the defect reactions that occur upon annealing. The
behaviors of H and D in undoped and intentionally Fe-doped B-Ga»,03 samples are compared

and contrasted.

In most studies, no O-H (O-D) absorption had been reported for O-H (O-D) centers with a
component of their transition moment along the “b” axis, i.e. with E//[010],19.20.34-36.38 5o there has
been a focus on O-H (O-D) centers with H (D) trapped at different configurations of a split Ga(1)
vacancy. However, O-D lines at 2475 and 2493 cm™' with a component of their polarization
along the [010] direction have been discovered recently, leading to their assignment to O-D
trapped at a Ga(2) vacancy.®® Additional results for O-D centers of this type are also presented

here.

Il. EXPERIMENTAL METHODS

Unintentionally-doped B-Ga,Os wafers (n-type with No-Na nominally <9x10'7” cm) with both
(010) and (201) faces were purchased from the Tamura Corporation. Additional B-Ga,0s

samples doped with Fe for our studies were grown by the Czochralski method at Synoptics.



This (010) Fe-doped boule was 1 cm thick allowing thick samples with different orientations to
be prepared. Bulk samples were hydrogenated by annealing at 900 °C for several hours in
sealed quartz ampoules that contained H; or D, gas (~2/3 atm at room temperature). Ampoules
were cooled in sand at room temperature following these treatments. H; or D, are presumed to

dissociate at the sample surface and to diffuse in the sample as atomic species.!

Several samples were annealed in an inert ambient subsequent to their treatment in Hz or
D,. These anneals were performed in a tube furnace in a flowing Ar ambient and were

terminated by placing the Ga;O3; sample on an Al plate at room temperature.

Infrared (IR) absorption spectra were measured with a Nicolet iS50 Fourier transform IR
spectrometer equipped with a CaF, beamsplitter and a liquid N2-cooled InSb detector. Samples
were cooled for our measurements with liquid Nz in a Helitran continuous flow cryostat. The
spectra for the D-centers have higher signal to noise ratio than the corresponding H spectra and
so are featured in most of the data presented in this paper. Also note that when we refer
generically to “hydrogen” in this paper rather than explicitly writing H or D, we are considering

both hydrogen isotopes, 'H and 2H.

The polarization of the transmitted light was analyzed with a wire-grid polarizer placed after
the sample. The in-plane orientations of our B-Ga,O3; samples could be determined from the

orientations of their (100) and (001) cleavage planes.

B-Gaz03 has a low-symmetry monoclinic structure*®4! that makes the vibrational absorption
anisotropic. Polarized absorption measurements have been made for 3-Ga;03 samples with
either (201), (010) or (100) faces to obtain information about the orientations of the transition
moments of the different O-D centers that are of interest. -Ga,Os; is biaxial and has principal
dielectric axes X, Y, Z. The Y axis is taken to be along the [010] optic axis. The frequency
dependent orientations of the perpendicular X and Z axes were determined previously by
ellipsometry over a broad spectral range.*?> Polarized vibrational absorption measurements
have also been used to determine the orientations of the X and Z axes in the IR range of

interest here.36.43

I1l. EXPERIMENTAL RESULTS

A. Vibrational spectra and their thermal stability for unintentionally doped p-GaOs



Spectra are shown in Fig. 1 for an unintentionally doped B-Ga>0O3; sample with a (201) face
purchased from the Tamura Corp. that had been annealed in a D, ambient at 900°C for 6 h. A
selection of spectra is presented that were measured following sequential annealing treatments

(30 min) in an inert ambient at the temperatures indicated.

To be able to investigate the properties of all of the O-D centers, including those with a
transition moment perpendicular to the (201) plane, the sample was rotated by 45° with respect
to the direction of the incident light as is shown in the inset to Fig. 1. In this case, light polarized
with E_L[102] for the rotated sample has an electric vector with a component normal to (201).
The upper spectra (shown in blue) were measured for the polarization with E//[102], i.e., with no
component of the electric field perpendicular to the (201) face. The lower spectra (shown in
black) were measured for the polarization with E_1[102], and several additional O-D lines are
revealed. The frequencies of the various O-D lines we have observed for this unintentionally
doped sample are listed in Table 1 (in regular type face). The lines shown in Fig. 1 were seen
previously by Qin et al. for a more complicated sample geometry that impeded a detailed

annealing study.?°

The selection of spectra in Fig. 1 and their annealing dependence in Fig. 2 show that all but
the dominant line at 2546 cm-' is annealed away at a temperature of approximately 450°C.
When these defects are annealed away, the 2546 cm™' line is greatly increased in strength,
making the V2, — 2D complex the primary sink for D in the sample. In these experiments in
which D was introduced in the B-Ga;O3; sample by annealing in a D, ambient, the 2546 cm™! line

remains thermally stable up to an annealing temperature of 1000°C in an inert ambient.

In previous experiments in which H or D was introduced by ion implantation, the 2546 cm-’
line disappeared for an annealing temperature of 450°C, suggesting its interaction with other

defects introduced by the implantation.4.38

B. Vibrational spectra and their thermal stability for Fe-doped B-Ga»0s3

In another set of experiments, H or D were introduced into an intentionally Fe-doped sample
grown by the Czochralski method?® to investigate how an impurity with high concentration can
affect the defect reactions that involve hydrogen. This sample was characterized by secondary
ion mass spectrometry (SIMS) to determine the concentrations of a few common impurities in 3-
Gaz03.44 The SIMS profiles in Fig. 3 show that Fe is the dominant impurity in this deliberately

doped sample with a concentration [Fe] = 4x10'® cm3. Ir impurities introduced by the crucible
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used for Czochralski growth also have a high concentration, [Ir] = 2x10'® cm=. The
concentration of Si is typical of B-Ga>03 materials not intentionally doped with Si and is [Si] =

10" cm3.4% Only a trace concentration of Mg is present.

IR absorption spectra with polarizations E//[100] and E_L[100] are shown in Figs. 4(a) and
4(b), respectively, for the (010) Fe-doped B-Ga,O3; sample following deuteration by a high-
temperature annealing treatment in a D, ambient. The [100] direction has been found to be
close to the Z dielectric axis, and the direction perpendicular to [100] is close to the X dielectric
axis.3642 Subsequent to our absorption measurements, a piece of this sample was thinned by
lapping and polishing until the O-D lines disappeared to show that the absorbing layers at the
front and back (010) surfaces were 1.75 mm thick. These relatively thick deuterated layers

allowed weak O-D lines to be detected.

A selection of the spectra is shown in Fig. 4 that were measured for a series of sequential
anneals made in 50°C increments to probe the evolution of O-D centers in an Fe-doped [3-
Ga03 sample. The dependence of the IR line intensities on the annealing temperature is
shown in Fig. 5. The lines seen in Fig. 1 are also seen for the Fe-doped, Czochralski-grown
sample along with several additional lines that were not seen in Fig. 1. These additional lines
are also listed in Table | (bold italic typeface). A few lines were seen only for an annealing
temperature near 350°C and are shown in Fig. 6 (with frequencies underlined and shown in
blue).

The 2577 cm™' line was previously assigned to an OD-Si complex that was seen for a Si-
doped epitaxial layer grown on an Fe-doped substrate that had been deuterated by D-plasma
exposure.*® So both Fe and Si impurities were present in these samples. Our present results
for a heavily Fe-doped sample show a strong dominant line at 2577 cm-! that suggests its
possible assignment to an OD-Fe complex. However, there is also a substantial concentration
of Si present in these samples as well. Definitive assignments of the 2577 and 2583 cm-' lines

to complexes containing Fe or Si impurities are not yet possible.

The assignments of the numerous additional O-D lines remain even more uncertain. The
2631 cm™' line is strong in both the unintentionally-doped and Fe-doped B-Ga.O3 samples. The
Fe-doped sample grown by the Czochralski method shows several lines that were not seen in
samples obtained from the Tamura Corp. suggesting that they could be impurity related. Our
Czochralski-grown sample also contains a high concentration of Ir. Ritter et al. suggested that
the O-D lines at 2463, 2556, and 2590 cm™' (10K) seen in their experiments could be due to OD-



Ir complexes.>* The spectra shown in Fig. 6 show lines at 2462 and 2555 cm-! (77K) which,

following Ritter et al., might indeed be due to OD-Ir complexes.

C. Polarization dependence of the O-D lines

(i) Polarization in the (010) plane: Information about the orientations of the transition
moments for the O-D centers that have been observed can be obtained from the polarization
dependence of their O-D vibrational lines, providing clues about bond orientations and
microscopic defect structures. A few centers in 3-Ga>O3 have been analyzed previously for D*

implanted samples and for impurity-D complexes.3¢:38

Our Fe-doped B-Gaz03 sample with an (010) face shows many of the O-D lines reported for
deuterium in B-Gax0Os. The spectra for this thick sample have a high signal to noise ratio

making this an excellent sample for a study of the polarization properties of the O-D lines.

Spectra measured for different angles of an analyzing polarizer for the (010) Fe-doped
sample and their analysis are given as Supplementary data (Figs. S1 and S2). Transition
moment directions with respect to the [102] direction that have been determined are shown in

Table I. The angles involved in this analysis are shown in Fig. S3.

(i) Polarization with E//[010]: The transition moments for O-H and O-D vibrational modes
observed experimentally for B-Ga>O3 lie predominantly in the (010) plane, that is, there is no
absorption observed with a component with polarization E//[010]. This result has led theory to
propose structures with O-H trapped at split configurations of a Ga(1) vacancy.’ O-H trapped
at a vacancy at the Ga(2) site is predicted to have a transition moment with a component with
E//[010] and thus had been ruled out.

Recently, O-D lines at 2475 and 2493 cm-! have been reported with a component of their
transition moment along the [010] direction for the same Fe-doped, 3-Ga>Os; sample grown by
the Czochralski method that is being studied here.?® This led to the assignment of these lines to

O-D trapped at a V;;,, defect that could either be isolated or in the vicinity of another impurity.

Spectra are shown in Fig. 6 for a B-Gaz03:Fe sample with a cleaved (100) face. The
spectra that are shown have polarizations with E//[[001] and E//[010|. This sample was
deuterated with our usual 6 hr, 900°C, annealing treatment in a D, ambient followed by a

subsequent anneal at 350°C to produce the additional lines seen for this narrow range of



annealing temperatures. In addition to the lines at 2475 and 2493 cm™, a line at 2467 cm-"! with

a component along [010] is also seen.

The spectra in Figs. 4 and 6 show that there is a group of lines that is thermally stable in the
window of annealing temperatures near 350°C (2462, 2467, 2500, 2550, 2555, and 2560 cm™),

but of these, only the line at 2467 cm! has a transition moment with a component along [010].

D. Free-carrier absorption and the hydrogen passivation of V4

H has been predicted to act as an n-type dopant in -Gaz0s,'° and there have also been
experimental reports of H introducing n-type conductivity.’*'” In our experiments on the
annealing of unintentionally doped [-Ga»O3; hydrogenated by annealing in H2 and D, ambients,
we have also investigated the free-carrier absorption that hydrogen might give rise to. (Our Fe-

doped sample did not show any obvious hydrogen-related free-carrier absorption.)

A set of spectra that shows the broad absorption at low frequency that free carriers give rise

to is presented in Fig. 7(a). This particular sample had been treated in a mixture of both D, and
H2 and also shows the O-D and O-H modes at 2546 and 3437 cm' assigned to the V2, — 2D

and V2, — 2H complexes.' The spectrum labeled “0” was measured for the sample
immediately after a hydrogenation treatment. The other spectra are a selection of those
measured following a series of sequential anneals in an inert Ar ambient at the temperatures
shown. To produce a reference spectrum for a sample that did not contain H or D, this same
sample was annealed in an Ar ambient at 1000°C for 4 hr, a treatment that was found to
completely remove O-H and O-D IR lines from the sample. With such a hydrogen-free
reference sample, the changes in the spectra shown in Fig. 7 are due to changes in the H or D

in the sample.

The dashed line in Fig. 7(a) was measured for a Sn-doped B-Ga.03 wafer with a (201) face
whose n-type conductivity was characterized by Hall effect measurements to produce a
calibration of the free-carrier absorption. This calibration sample had an n-type doping of Np-Na
= 6.7 x10'® cm and a mobility of 9 cm?/V-s. The free-carrier absorption shown for the dashed
line in Fig. 10 yields the following approximate calibration for the free-carrier absorption

coefficient (arc) measured at 2000 cm-':

Np — Ny = (5 X 102 cm™2) [azc(2000 cm™1)]. (1)



The free-carrier absorption spectra in Fig. 7(a) show that the introduction of H and D into our
unintentionally-doped sample increases the free-carrier absorption (spectrum “0”). Upon
annealing in an inert ambient at successively higher temperatures, the free-carrier absorption
increased steadily. If we compare these results for the free-carrier absorption in Fig. 7(a) with
the annealing results for the O-D local modes shown in Figs. 1 and 2, we see that the increase
in the free-carrier absorption depends on temperature in a way that is similar to the annealing

behavior of the V2, — 2D complex.

Fig. 7(b) shows an expansion of the spectral region where the O-H mode due to the Vggl -
2H center is seen. (The corresponding O-D mode seen for the same annealing sequence
behaves similarly.) The increase in the free-carrier absorption and the local mode intensities in
Figs. 7(a) and 7(b) mimic each other with a strong increase upon annealing at 500°C and a
strong decrease at 1000°C when H and D are annealed away. Fig. 8 shows a plot for this set of
anneals of the free carrier absorption coefficient at 2000 cm-" (left axis) that is proportional to the
free carrier concentration vs. the integrated absorption coefficient for the O-H and O-D

vibrational modes at 3447 and 2546 cm™' (lower axis).

The absorption coefficients for both the free carrier absorption and vibrational-mode
absorption shown in Fig. 8 can be converted into approximate defect concentrations. The free-
carrier absorption on the left axis is converted to the free-electron concentration on the right axis
with the calibration given in Eq.(1). (Samples have been presumed to be n-type in the
saturation regime with a free-electron concentration of n=Np-Na where any hole conductivity can
be neglected.) The vibrational mode absorption on the lower axis is converted to the total
concentration of H and D trapped in the form of V2, — 2H and V2, — 2D centers with Eq. (2)%

and the calibration for these defects determined by Karjalainen et al.'4

N = (2.303 nc®m)/(nq?*d) [ A(0)du. (2)

Here, A(D), is the absorbance as a function of frequency in wavenumber (cm-) units, d is the
thickness of the sample, m is the reduced mass of the oscillating impurity, c is the speed of
light, and n is the refractive index. In this equation, the calibration is expressed as an effective

charge, taken here to be q = 0.33e per H or D atom, that contributes to the absorption.



The absolute concentrations on the two axes in Fig. 8 differ only by a factor near 2 which is
gratifying given the typical uncertainties in the independent calibrations that we have attempted.
(The strength of the free-carrier absorption, for example, depends on the mobility of the charge
carriers,®32 and the mobility for electrons in B-Ga,Os is known to vary with the donor
concentration.*” Furthermore, an uncertainty of a factor of 2 in a vibrational mode calibration is

also typical unless great care is taken.?°)

IV. DISCUSSION

A. Classes of O-D centers

Our IR spectra for O-D centers in unintentionally doped (Fig. 1) and Fe-doped B-GaOs
(Figs. 4 and 6) show more than a dozen vibrational lines. These can be grouped into a few
classes of defects based on their annealing and polarization properties. The different classes of
O-D centers in B-Ga>O3 and their regions of thermal stability are shown in Fig. 9. Transition

moment directions (Table 1) for the different classes of defects are shown in Fig. S3(b).

(i) There is the V2, — 2D center that has been assigned to the 2546 cm-" line and is the
dominant sink for D in undoped B-Ga203 [black box in Fig. 9(a)]. Its isotope dependence and
transition moment direction, i — X = 15° (clockwise with respect to [102]), are consistent with
two identical D atoms bonded to a Ga vacancy with the split V2, configuration.1943

(i) There is the group of O-D lines with frequencies between 2583 and 2631 cm-* (Fig. 1)
that are introduced into unintentionally doped B-Ga>O3; samples by an anneal in a D, ambient.
These lines are eliminated together (Fig. 2) for an unintentionally doped sample by a
subsequent anneal at 450°C in an inert ambient. Most of these lines have transition moment
directions near i — X = 90° (clockwise with respect to [102]) and are consistent with D bonded
to a Ga(1) vacancy with the split Véfll configuration [purple box in Fig. 9(a)]. Additional
impurities or native defects are likely to be involved to explain the multiplicity of O-D modes that
are seen.®®

(iii) Of the group of lines that are annealed away at 450°C, only the line at 2631 cm- [green
box in Fig. 9(a)] has polarization properties similar to those of the 2546 cm-" line suggesting that
it may also involve D bonded to V/2,. The 2631 cm™' center contains a single D atom?2 and
perhaps an additional defect.

(iv) The 2577 cm-' line seen for our Czochralski-grown, Fe-doped sample annealed in D,

[purple box in Fig. 9(b)] is the dominant O-D center and becomes a source of D in the sample
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as it is annealed away (Fig 5). This line has polarization properties similar to those in group (ii),
suggesting its assignment to an O-D centers involving a Ga(1) vacancy with the split V¢,
configuration and an additional impurity. The 2550 cm-' line has similar polarization properties
suggesting a similar structure.

When the 2577 cm line is annealed away for this impurity-doped sample (Fig 5), the 2546
and 2631 cm™' centers become the dominant O-D defects [black and green boxes, respectively,
in Fig. 9(b)].

(v) There are 3 lines with a component of their polarization with E // [010] [red box in
Fig.9(b)]. These include the 2475 and 2493 cm-' lines (labeled in red in Fig. 6) that involve D
trapped by a Ga(2) vacancy. The 2467 cm line also has a component with E // [010] and
appears only for a narrow range of post-deuteration annealing temperatures near 350°C

(vi) There is a group of additional lines that appears only for a narrow window of post-
deuteration annealing temperatures near 350°C. [Their labels (in blue) are underlined in Fig. 6.]
The line at 2560 cm" is a prominent example [blue box in Fig.9(b)] and has polarization

properties similar to the 2546 and 2631 cm lines.

B. V41 deep acceptors and their passivation by hydrogen

The annealing results for O-D centers in unintentionally doped p-Ga.Os; presented in Fig. 2
and for the hydrogen-related free-carrier absorption presented in Fig. 8 provide information
about how H and D in our experiments affect conductivity. Introducing D into a hydrogen-free
sample by annealing in a D, ambient introduces the V2, — 2D center (2546 cm™ line) along
with several weaker O-D lines with frequencies between 2583 to 2631 cm' (Fig. 2). Similar
hydrogen treatments also increase the absorption due to free carriers (Fig. 7, spectrum “0”). A
subsequent anneal at 450°C in an inert ambient eliminates the weaker O-D centers and further
increases the intensity of the 2546 cm™' line. For an anneal at the same temperature, Fig. 7
shows that the free-carrier absorption for a sample that contains H and D is also increased.
Finally, an anneal at 1000°C in an inert ambient eliminates both the 2546 and 3437 cm™' lines
and the free-carrier absorption related to hydrogen when D and H are presumed to leave the
sample. Fig. 8 shows that the hydrogen-related free-carrier absorption is proportional to the
vibrational absorption for V2, — 2H and V2, — 2D centers in the sample (see red line in the
figure).

The results shown in Figs. 7 and 8 are consistent with the hydrogen passivation of

Va1 triple acceptors that compensate unintentional shallow donors in the sample. That is,
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when H or D become trapped by compensating V;,1 centers to form (partially) passivated

Vb, —2H or V2, — 2D complexes, both the free-carrier absorption and local mode intensities
are increased together. These results are consistent with the conclusions of others who have
proposed that the change in the n-type conductivity of B-Ga>Os upon annealing can be due to
the introduction of compensating V;, deep acceptors.?? Another study has suggested that the
compensation of donors by V,, is strongly affected by the presence of H.'*

H centers produced in -Ga0s by annealing in an H2 ambient have been studied by others
using DLTS and theory. In this case, annealing in an H, ambient produces the E1 DLTS peak
whose broad width was suggested to be due to overlapping features. Theory considered
whether different configurations of V;, — V, centers complexed with H or impurity-H complexes
might give rise to E1.2'48 A broad DLTS peak due to overlapping features is reminiscent of our
observation of several O-D vibrational lines with similar properties, causing us to consider
whether similar hydrogen-containing centers might be involved in both DLTS and IR

experiments.

C. Theoretical analysis of Vga2)-nH centers

Figure 10 illustrates the structures of the unshifted Ga(2) vacancy and the Ga(2) — Ga(1)
split vacancy, with primary H trapping sites shown. These structures share several properties.
Each has one “axial” site whose O-H axis lies within the (010) plane, and two symmetry-

equivalent “equatorial” sites whose O-H axes have (010) and [010] projections.

In Ref. [39] the vibrational lines at 2475 and 2493 cm-! were assigned to a single D trapped
at an equatorial O(1) site at an unshifted Ga(2) vacancy, one line of which involved a
neighboring substitutional Fe impurity. Each of these lines has an [010] projection along with an

(010) component whose transition moment direction is in agreement with the computed result.

The additional lines reported in the present work have properties that are not as
straightforward. Only the new line at 2467 cm! has both an [010] projection and an (010)
component; the others (e. g., 2462, 2500, 2560 cm" and others) have no [010] component.
Furthermore, several of these lines have similar thermal behavior; 2462, 2467, 2500, 2550,
2555, and 2560 cm-' appear around 350 °C and disappear again at higher T, while in the same
temperature region the 2493 cm' line weakens and then recovers. In addition, a 2484 cm™' line

appears around 450 °C and then disappears at higher T.
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In an attempt to understand these results we have carried out a large number of calculations
of the structures, energies, and vibrational frequencies of H trapped at candidate defects, using

the CRYSTAL17 code®' with parameters and basis functions as given in Ref. [39].

As noted in Ref. [39], we predict that the unshifted Ga(2) vacancy is energetically favored
over the Ga(2) — Ga(1) split vacancy, by 0.34 eV. For a single trapped H, the lowest energy
configuration is predicted to be H trapped on an equatorial O(1) at the unshifted Ga(2) vacancy,

which in Ref. [39] was assigned to the 2475 cm™' line.

The next higher energy configuration, by 0.28 eV, is predicted to be the unshifted Ga(2)
vacancy with H trapped on an axial O(2). This would not have an [010] projection. Its predicted
anharmonic frequency is 22 cm-! lower than that of the H trapped on an equatorial O(1) and its

transition moment would lie 132 degrees from [102].

The Ga (2) — Ga(1) split vacancy with H trapped on an equatorial O(2) with a transition
moment in both [010] and (010) is predicted to lie 0.43 eV above that of H trapped on an
equatorial O(1) at the unshifted Ga(2) vacancy configuration. lIts predicted frequency is 18 cm-!
lower than that of the unshifted case and its transition moment in (010) would lie 110 degrees
from [102].

Turning to the unshifted Ga(2) vacancy with two trapped H, as noted in Ref. [39], two
trapped H on the two equatorial O(1) sites would lead to one line in (010) and another in [010].
Since no line with only a [010] moment has been observed, this structure is not a candidate to

interpret the present data. A similar comment holds for the split configuration.

However, one H trapped on an axial O(2) and a second trapped on an equatorial O(1) at the
unshifted Ga(2) vacancy will yield one line with both [010] and (010) moments and a second line
with no [010] projection. This configuration is predicted to lie only 0.05 eV higher than two H
trapped on the two equatorial O(1), so these two configurations are essentially degenerate. In
this case the line with a [010] projection is predicted to lie 3 cm! lower than that of the single
trapped H on an equatorial O(1). The line without a [010] projection is predicted to lie 20 cm™"

higher than that of the single trapped H with a transition moment 134 degrees from [102].

Table Il lists the relative energies of several of the configurations discussed here. Additional
configurations with Fe or Ir neighbors and with three H have also been considered. Some may
be rejected while others have properties not substantially different from those described above,

so they could also be candidates.
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There is no obvious single defect configuration that could explain all of the lines that appear
and then disappear around 350 °C. If we consider the two-H configuration of one axial and one
equatorial, with the equatorial configuration responsible for the 2467 cm-' line, then the

predicted axial line 20 cm' higher could perhaps correspond to the 2500 cm line.

It seems likely that this cluster of lines represents several distinct defects that involve the
Ga(2) vacancy, whose presence is created by their being “fed” by the 2493 cm-' defect, or even
from the 2577 cm™' defect, which is extremely strong in these samples. They might, for

example, be impurity- or oxygen-vacancy-related Ga(2) vacancies.

D. Conversions between classes of O-D centers in f-Gax03

(ORZ Gal — 2D and its formation in unintentionally doped B-Ga;Os: Our results in Figs. 1 and
2 show that all the D-containing centers in our unintentionally doped B-Ga;O3; sample are
converted into the V2, — 2D center by an anneal at a temperature near 450°C. V2, — 2D is
then stable up to an annealing temperature of 1000°C. A puzzle that remains concerns the
identity of the weak O-D lines between 2583 and 2631 cm™' and a mechanism for their evolution
to the dominant 2546 cm-' line that occurs upon annealing at 450°C (Fig. 2). The defects giving
rise to these weaker lines do not appear to result in the passivation of V;,; deep acceptors until
their conversion to the VGa1 — 2D center. A corresponding theoretical puzzle regarding these
lines arises from the theoretical prediction that for structures with a single H (D) trapped at a

relaxed V44 center with the split “c” configuration, their vibrational frequencies should be lower

than that of the primary 2546 cm' line rather than higher.

A simple mechanism for the passivation of deep acceptors upon annealing could involve the
presence of D2 or some other IR inactive defect that could act as a source for additional D. A

reaction like,

2( Gal_D)+D2 _’2( Gal_ZD)' (3)

could explain the elimination of VS, — D deep acceptors that results from the formation of
passivated V2, — 2D complexes upon annealing. A similar reaction might also explain the

conversion of the 2631 cm™' center to the V2, — 2D complex upon annealing at 450°C. Others
have also suggested the presence of an IR inactive source of hydrogen in 3-Ga203 such as the

hydrogen molecule.’
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(ii) Fe-doped B-Ga203: Contrasting the annealing behaviors of defects in Figs. 1 and 2 with
those seen in Figs. 4 and 5 shows the effect that impurities such as Fe, Ir and Si with high
concentration can have on the trapping of H or D in the sample. In the heavily Fe-doped,

Czochralski-grown sample, the 2577 cm-' line is dominant throughout the annealing sequence.
The 2546 cm™ line assigned to V2, — 2D that was dominant in unintentionally doped samples
is now a minority species and appears only after annealing. V2, — 2D becomes a dominant

defect in this sample only after metal-impurity-related lines are annealed away. The 2577 cm"

center is the dominant reservoir for D in our heavily impurity-doped samples, and it is this 2577

cm-! defect that feeds other D-containing centers upon annealing.

V. CONCLUSION

Deuterium has been introduced into unintentionally-doped and Fe-doped 3-Ga,0Os; samples
by annealing in a D, ambient at elevated temperature to study the properties of the various
classes of O-D centers that form, their evolution upon annealing, and their effect on
conductivity. The angle dependence of polarized O-D vibrational absorption provides

information about the orientations of the O-D bonds and clues about possible defect structures.

The V2, — 2D center whose vibrational line is observed at 2546 cm is the dominant sink
for D in unintentionally doped samples. Furthermore, a study of the free-carrier absorption in
samples that were deuterated and annealed shows that the formation of this defect passivates
the deep VGa1 triple acceptor and increases n-type conductivity by reducing the compensation of

unintentional shallow donors.

Several additional O-D centers were produced by annealing treatments in D», several of
which have a V¢, — nD structure; the involvement of an additional defect could explain the
existence of several O-D centers with similar properties. These O-D centers are converted into
the dominant V22, — 2D defect by an anneal in an inert ambient at temperatures near 450°C.
This reaction affects the n-type conductivity by further increasing the passivation of VGa1 triple

acceptors. The microscopic nature of this reaction is not well understood and might possibly

involve the release of D from a defect not seen by IR spectroscopy that then contributes to the

passivation of V;,, deep acceptors.

The introduction of a high concentration of an impurity like Fe in f-Ga2O3 gives rise to deep-

level defects that effectively compete with V;,, centers for D. In a Czochralski-grown sample
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that had been doped with a high concentration of Fe, the V2, — 2D became the dominant trap
for D only after a strong O-D line at 2577 cm' that is attributed to an OD-impurity complex had

been annealed away.

O-D centers in B-Ga.03 with D trapped by the V2, or V¢, defects all have a transition
moment that lies in the (010) plane and show no vibrational absorption for the polarization with
E//[010]. While split V;,; centers are the dominant traps for D in our samples, the Czochralski-
grown B-Gax0O3; sample that contained a high concentration of Ir and Fe impurities showed
additional O-D centers with surprising polarization properties. A few O-D centers have been
observed with transition moments with a component with E//[010] and assigned to defects with

D trapped by a Ga(2) vacancy. Defects involving both an unshifted V;,, configuration and a

split vacancy configuration (Vf;aal) that includes V., and V;,, half vacancies have been

considered.

While the large number of O-D centers seen in our experiments and those of others
suggests that hydrogen’s effect on the conductivity of B-Ga»Os3 will be complex, some general
behaviors involving the interaction of D with V;, deep acceptors that compensate the n-type
conductivity of Ga>0O3 have been observed. Nonetheless, much work remains to be done to
understand the microscopic mechanisms for the hydrogen-related reactions that occur even for
the relatively simple case where H or D is introduced into B-Ga»Os by annealing in an Hz or D,

ambient.

SUPPLEMENTARY MATERIAL

See the supplementary material for spectroscopic data and its analysis for the polarization
dependence of the O-D vibrational modes introduced into B-Ga>Os by an annealing treatment in
a D, ambient at 900°C.
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Table I. Frequencies (77 K) of O-D IR lines seen for an Fe-doped B-Ga>03 sample that had
been deuterated by annealing in a D, ambient (6 hr, 900 °C). (The lines shown in bold italics
were seen only for our Fe-doped sample grown by the Czochralski method. Lines shown in
regular typeface were also seen for an unintentionally doped sample.) The absolute value of
the angle X of the transition moment with respect to the X dielectric axis is shown. The angle

Y + X gives the transition moment direction measured clockwise with respect to the [102] crystal
axis. Transition moment directions that agree with values determined by theory for predicted

structures are shown in bold-face type.

wo(cm™) | 2475 2493 2550 2560 2577 2583 2592 2602 2611 2620 2631
IX| 220713 gg0t. 63°+4 390t 62°+1  58°+3  59°+2  51°+2 510t 53°+2  36°+2

Y—IX| | 14°%28 10°%1] —27°+8 —3°%3 —26°+5 —22°47 -—23°+6 —15°+6 —15°t1% —17°1+6 0°%6

Y+ X | 5817 620719 99°+8  75°  98°+5 94°+7 95°+6 87°+6 87°712 88°+6 72°%6

Table II. Computed Ga(2) vacancy and Ga(2)-Ga(1) split vacancy (Véﬁ) relative energies.

Defect and charge state A E (eV)
Bare vacancy (-3)

Unshifted 0.00
Split vacancy 0.34
Vacancy plus one H (-2)

H on equatorial O(1) 0.00

H on axial O(2) 0.28
Split vacancy, H on equatorial O(2) 0.43

H on axial O(3) 0.49
Split vacancy, H on axial O(2) 0.92

Vacancy plus two H (-1)

H's on equatorial O(1) 0.00
H on equatorial O(1), H on axial O(2) 0.05
Split vacancy, H's on equatorial O(2) 0.32
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Figure captions

Fig. 1. Polarized IR absorption spectra (77 K, resolution 1 cm") for an undoped (201) B-Gaz0s;
sample annealed in a D, ambient at 900°C. The propagation vector of the incident light had a
45° angle with respect to the (201) face of the sample. The sample was sequentially annealed

at the temperatures shown (°C) in a flowing Ar ambient.

Fig. 2. Panels (a) and (b) show the integrated absorbances for the IR lines with the given
frequencies vs annealing temperature. (The frequency and corresponding data for a
representative defect are shown along with the frequencies, in parentheses, for lines that show
similar annealing behavior.) Anneals (30 min) were performed in a flowing Ar ambient. “0”

corresponds to the as-deuterated sample. Lines are drawn to guide the eye.

Fig. 3. SIMS concentration profiles for Fe, Ir, Mg and Si impurities in a f-Ga>O3 boule grown by
the Czochralski method that had been intentionally doped with Fe. The detection limits for Fe,

Mg and Si are 5 x 10", 1 x 10" and 5 x 10" cm respectively.*

Fig. 4. Panels (a) and (b) show polarized IR absorption spectra (77 K, resolution 1 cm-) for an
(010) B-Ga203 boule grown by the Czochralski method that had been doped with Fe. This
sample was annealed in a D, ambient at 900°C to introduce D and was then sequentially
annealed at the temperatures shown (°C) in a flowing Ar ambient. “0” corresponds to the as-

deuterated sample.

Fig. 5. Panels (a), (b), and (c) show integrated absorbances for the IR lines with the given
frequencies vs. annealing temperature for the Czochralski-grown, Fe-doped $-Ga;0O3 sample
whose spectra are shown in Fig. 4. Anneals (30 min) were performed in a flowing Ar ambient.
Lines are drawn to guide the eye. Panel (c) lists a group of lines in parentheses with annealing

dependences similar to those shown.

Fig. 6. Polarized IR absorption spectra (77K, resolution 1 cm-") for an Fe-doped -Ga.03 boule
annealed in a D, ambient at 900°C. The sample was subsequently annealed for 30 min at
350°C in a flowing Ar ambient. (The “blue underlined frequencies were only observed for an
annealing temperature near 350°C.) Vibrational absorption is compared for the polarizations

E//[001] (upper spectrum) and E//[010] (lower spectrum).
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Fig. 7. (a) Selection of free-carrier absorption spectra (77 K, resolution 1 cm') measured for an
undoped B-Ga>03 sample that had first been annealed in a mixture of H, and D, (900°C, 8h).
The sample was subsequently annealed (30 min) in Ar gas at the temperatures shown. The
reference spectrum (not shown) was measured for the sample after an anneal at 1000°C (4 h)
to remove H and D. The free-carrier absorption spectrum shown dashed (blue curve) was
measured for a Sn-doped $-Ga,03 sample whose carrier concentration was determined by Hall
effect measurements. The free-carrier absorption spectra have been off-set vertically to give a

common zero at 4000 cm-! where the absorbance becomes approximately constant. (b) The IR
line at 3437 cm! due to the Vgﬁf’ll — 2H center that is also shown in panel (a). These expanded

spectra have been baseline corrected to remove the effect of free-carriers and off-set vertically

for clarity.

Fig. 8. Free-carrier absorption vs local vibrational mode absorption for an undoped B-GaOs
sample containing H and D following various annealing treatments. The left axis shows the
absorption coefficient measured at 2000 cm-* arising from free carriers. The bottom axis shows
the sum of the integrated absorption coefficients for the O-H and O-D vibrational modes
assigned to Vi, — 2H and V2, — 2D complexes weighted by the ratio of the masses of the
oscillating H or D atoms. The concentration of free carriers, Np-Na, (right axis) and the
concentration of H plus D (trapped in the form of Véﬁl — 2H and VG"Z1 — 2D centers) (top axis)
determined from approximate calibrations of the free-carrier absorption and integrated-

vibrational-mode absorption, respectively.

Fig. 9. Different classes of O-D centers and their regions of thermal stability in (a)

unintentionally-doped 3-Ga203 and (b) Fe-doped, Czochralski-grown 3-Gaz0a.

Fig. 10. Primary H trapping sites at (a) the unshifted Ga(2) vacancy and (b) the split Ga(2)
vacancy — Ga — Ga(1) vacancy. In each case one O-H direction lies within the (010) plane while
two, symmetry-equivalent, directions have components within the (010) plane and in the [010]
direction. Atoms are color coded as follows: Ga(1), purple; Ga(2), dark green; O(1), red; O(2),
yellow; O(3), light green; H sites, blue; Ga(2) site, gray. Crystalline directions are noted. This
figure was constructed using MOLDRAW#® and POV-Ray*°.
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