PHYSICAL REVIEW B

VOLUME 48, NUMBER 3

15 JULY 1993-1

Oxygen-hydrogen donor complexes in germanium
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Semiempirical cluster calculations are reported on the interaction of interstitial oxygen complexes
with hydrogen in germanium. It has been found that—unlike in silicon—the configuration in which the
oxygen and one of its neighbors are threefold coordinated is not the saddle point in the diffusion of inter-
stitial oxygen, but a metastable state which can be stabilized by a trapped hydrogen. The resulting struc-
ture is a single donor. It is also shown that dioxygen interstitial complexes form readily in germanium.
The interaction of such complexes with hydrogen also produces single donors. These findings explain
why oxygen acts as a donor in hydrogenated amorphous germanium (e¢-Ge:H) in contrast to ¢-Si:H.

I. INTRODUCTION

The effectivity and stability of thin-film solar cells can
be increased and the selective absorption improved by the
application of  tandem structures  integrating
a-Si;_,Ge,:H or a:Ge:H layers. Therefore, the investi-
gation of a-Ge:H has intensified in recent years.! > Re-
cently, it has been found® that—in contrast to a-Si:H—
oxygen is a very effective donor in a-Ge:H. The doping
effect of oxygen depends strongly on the substrate tem-
perature and it is probably related to the formation of
oxygen-hydrogen complexes.

Oxygen complexes in crystalline silicon have been in-
tensively studied in the past, mainly because of their role
as thermal donors (for a recent review see, e.g., Ref. 7).
Although oxygen thermal donors—very similar to those
in silicon—have been found in germanium as well (see,
e.g., Ref. 8), much less is known about complex forma-
tion of oxygen in crystalline germanium. The simple in-
terstitial oxygen defect,® the oxygen thermal donors, 10
and the vacancy-oxygen complex (A center)!!™1® have
been identified, but both infrared!? and deep-level tran-
sient spectra!® reveal further oxygen-related complexes.
It has been speculated early on!* that a donor level
around E,—0.2 eV may originate from a dioxygen pre-
cursor to the thermal donors. The interaction of hydro-
gen with oxygen is known to produce donor centers in
crystalline germanium. The trapping of hydrogen at a
substitutional oxygen results in a very shallow donor level

(see, e.g., Ref. 15), but the interaction of hydrogen with -

oxygen may give rise!® to deep levels around midgap as
well.

The question arises of why does oxygen give rise to
deep donor levels in hydrogenated crystalline germani-
um, while only thermal donors appear in pure silicon,
and even those are being passivated through interaction
with hydrogen.!” The answer to that question could then
explain the similar difference between the hydrogenated
amorphous forms of the two materials. Based on semi-
empirical quantum chemical cluster calculations, it will
be shown that the differences of oxygen diffusion in ger-
manium and silicon are the reason for the formation of
stable donor complexes in germanium if hydrogen is
present.
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II. COMPUTATIONAL METHOD

Semiempirical quantum chemical methods have been
proven to be successful in describing the behavior of oxy-
gen'® and hydrogen!>? in silicon. Parameter sets for ger-
manium are available in the MNDO (modified intermedi-
ate neglect of differential overlap),?! AM1 (Austin mod-
el),?? and the PM3 (parametric MNDO) (Ref. 23) method
(encoded into the package MOPAC 6.0).2* Although the
performance of the three methods is similar on small
molecules, our preliminary calculations on crystalline
germanium (using the cyclic cluster model®® with a 32-
atom supercell) have shown that both AM1 and PM3 un-
derestimate the interatomic distance and overestimate
the binding energy, while MNDO reproduces very accu-
rately the former and underestimates the latter (see Table
I). since only the MNDO method was able to reproduce
the characteristics of the A center (vacancy-oxygen com-
plex) in crystalline germanium, that one has been chosen
for the study of oxygen complexes in germanium.

The host has been represented by a molecular cluster
consisting of 53 germanium atoms and 44 additional hy-
drogens to saturate the dangling bonds on the perimeter
of the cluster. Since we have been interested primarily in
amorphous germanium, this molecular cluster model was
selected in favor of a cyclic cluster model which is also
more restrictive on the cluster size.” The total energy of
this Ges;H,g cluster has been minimized with respect to
all bond distances and bond angles (assuming only C,,
symmetry). The perimeter germanium atoms and their
hydrogen neighbors have been kept fixed in further calcu-
lation, while the remaining ones were allowed to relax as
required by the presence of various defect complexes.

TABLE 1. Interatomic distance, binding energy, and ioniza-
tion threshold obtained by three different semiempirical
methods in a 32-atom cyclic cluster calculation on crystalline
germanium.

PM3 AM1 MNDO Expt. (Ref. 23)
dGe.Ge (A) 2.366 2.390 2.451 2.450
E, (eV) 4.79 4.38 2.62 3.87
I (eV) 11.0 9.8 7.5 ~5.3
1924 ©1993 The American Physical Society
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III. RESULTS AND DISCUSSION

The equilibrium site of an isolated interstitial oxygen in
germanium was found at the bond-center (BC) site be-
tween two nearest-neighbor Ge atoms, slightly off axis.
The Ge-O distances are 1.671 and 1.702 A (the asym-
metry originates from the asymmetry of the cluster). For
comparison, the calculated and observed?® Ge-O distance
in the (CH;);Ge-O-Ge(CH;); molecule are 1.762 and
1.770 A, respectively. The shortening of the Ge-O bond
is obviously the effect of the confinement in the solid.
The related one-electron energy levels are in the valence
band of the cluster, i.e., the defect is electrically inactive
as expected For substltutlonal oxygen the equ111br1um
position is calculated to be off center by 1.027 A in the
[001] direction (C,, symmetry). The oxygen is bonded to
two of the four germanium neighbors with a bond dis-
tance of 1.790 A and a Ge-O-Ge angle of 152°. The oth-
er two germanium atoms relax toward each other and
form a weak bond with a bond distance of 3.558 A. The
antibonding orbital of this bond is in the gap. All these
features of interstitial and substitutional oxygen are in
agreement with experimental observations in germanium
and are very similar to those observed?’ and calculated?®
in silicon. The calculated asymmetric stretching modes
in germanium are 1107 and 834 cm ! for the interstitial
and substitutional oxygen, respectively. Comparing the
ratio of the two calculated frequencies, 1.33, to the ratio
of the experimentally observed values, 862/620=1.39
(see Ref. 12), it can be seen that the relative error in the
calculated frequencies is approximately constant, as not-
ed earlier in the case of oxygen in silicon.?

The diffusion of oxygen in silicon as well as in germani-
um proceeds by jumps from one interstitial site to the
next. In silicon the saddle point of the motion is a
configuration of C,, symmetry [cf. Fig. 1(a)] in which the
oxygen and one of its silicon neighbors are threefold
coordinated. The energy of this structure has been calcu-
lated in a similar semiempirical cluster calculation®® (us-
ing a Siy;Hg molecular cluster and the MNDO/3
method) to be 2.49 eV higher than that of the interstitial,
in good agreement with the experimentally observed’!
2.53 eV. In the case of oxygen in germanium we find that
the structure depicted in Fig. 1(a) is metastable. The en-
ergy barrier for diffusion is 0.22 eV above the energy of
this threefold-coordinated-oxygen structure, and is locat-
ed at a configuration where the oxygen is off the [001]

YR A

FIG. 1. The Oy (a) and OyH" (b) defects in germanium.
Large dark circles are Ge atoms, oxygen is denoted with small
white circles, hydrogen with small black circles.
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axis by about 0.3 A toward the interstitial site. The bar-
rier is calculated to be 0.85 eV above the energy of the
stable interstitial configuration. This is much lower than
the experimentally observed diffusion activation energy, *
2.08 eV. The main source of error is probably the un-
derestimation of the strengths of Ge-Ge bonds by ~1.2
eV (see Table I). The energy difference between the inter-
stitial and the threefold-coordinated-oxygen structure
consists, to a first approximation, of the energy required
to break a second Ge-Ge bond in the vicinity of the inter-
stitial and of the energy gained through substituting it by
a Ge-O bond. The underestimation of the former shows
up in the barrier height.

The oxygen structure in Fig. 1(a) is a double donor but
it is not stable with respect to the interstitial. However, if
hydrogen is introduced into the system, a stable complex
may form. We have calculated the equilibrium position
of a positively charged hydrogen atom in a “pure”
Ges3H,g cluster and in the Ges;Hy3:Oy cluster containing
the threefold-coordinated oxygen (indicated by a sub-
script Y). The stable structure of H' is the on-axis BC
site (just as in silicon'®) with Ge-H distances of 1.631 and
1.582 A, while the stable structure of OyH™ is shown in
Fig. 1(b) (the Ge-O distances are 1.998, 1.939, and 1.817
A, the Ge-H distance is 1.458 A). The energy balance

{E[Ges3Hys:0 YH+ ]+ E[Ges;Hysl}

—{E[Ges3H,5:0; ]+ E[Ges;Hyg:H ]} =—0.36 eV

shows that the complex OyH"™ may be stable with
respect to isolated interstitial oxygen and interstitial hy-
drogen. Therefore, if the conditions for oxygen and hy-
drogen diffusion are favorable, such complexes may form
and remain stable thereafter. The complex is a single
donor. The occupancy level is estimated to be in the
upper half of the band gap. The calculated oxygen vibra-
tion frequency in the positive charge state is 815 cm™ ..
Its ratio to the calculated frequency of the interstitial,
0.74, would indicate a band near 640 cm ™! in the experi-
mental infrared spectrum.

We have also investigated the interaction of two oxy-
gen interstitials in germanium. It has been found that,
similarly to the case in silicon, the interstitial dioxygen
complex (O;), [see Fig. 2(a)] is more stable than two iso-
lated oxygen interstitials. The energy gain in the forma-
tion of this dioxygen complex was calculated to be 1.35

3 A

FIG. 2. The (O;), (a) and (O;-Oy) (b) defects in germanium.
The threefold-coordinated germanium in (O;-Oy) is a trap for
hydrogen [see Fig. 1(b)].
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eV, significantly higher than the one found in silicon (0.1
eV in Ref. 28, or 1.0 eV in a more sophisticated calcula-
tion by Needels et al.*}). A second metastable complex
(O;-Oy) [see Fig. 2(b)], has also been found with an ener-
gy 1.75 eV above (O;),. The bond distances of the
tohreefold—coordinated oxygen are 1.869, 1.863, and 1.834
A; tho§e of the twofold-coordinated one are 1.689 and
1.763 A. This complex is very similar to the metastable
(single) interstitial oxygen defect found in silicon by Dal
Pino et al.?* We find, however, that without the support
of the second oxygen, this structure does not correspond
to a local minimum of the total energy in germanium,
and relaxes back into the ideal threefold-coordinated-
oxygen structure. The metastable structure depicted in
Fig. 2(b) is again a double donor and it can also capture a
hydrogen atom. The hydrogen bonds to the threefold-
coordinated germanium atom in a similar manner as in
the OyH" complex [cf. Fig. 1(b)]. The energy of the
(0,-OyH)" complex is about the same as the energy of
isolated (O;), and H'. Therefore (O;), and (0,;-OyH)
may coexist in hydrogenated germanium. The (O;-OyH)
complex is a single donor with its occupancy level also in
the upper part of the band gap. The calculated oxygen
vibration frequencies are 994 cm ™! (for the divalent O)
and 833 cm™! (for the trivalent O). Their ratio to the cal-
culated frequency of the single interstitial would indicate
bands at 774 and 650 cm ™! in the experimental infrared
spectrum.

IV. CONCLUSION

We have found that the details of the diffusion mecha-
nism of oxygen in germanium differ from the one in sil-
icon. Beside the lower activation energy for diffusion
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(2.08 eV in Ge in comparison to 2.53 eV in Si), the poten-
tial barrier in germanium has a ‘“camel’s-back” shape.
The intermediate metastable state is a threefold-
coordinated-oxygen configuration which can serve as a
trap for hydrogen atoms. If a hydrogen atom is captured,
the arising single donor structure is more stable than iso-
lated oxygen and hydrogen interstitials. This is in con-
trast to the situation in silicon, where hydrogen only ac-
celerates the motion of oxygen, but no bond is
formed. 3738 It has also been found that, due to the fas-
ter diffusion of oxygen (eight orders of magnitude at
room temperature) and the higher binding energy of in-
terstitial dioxygen complexes in germanium, such dioxy-
gen complexes should form more easily than in silicon.
These complexes may also capture a hydrogen atom and
give rise to single donor levels.

The results outlined above explain why donor com-
plexes arise due to oxygen in hydrogenated germanium
and not in silicon. Since the phenomenon depends princi-
pally on the local bonding environment, the explanation
applies equally to both crystalline and amorphous materi-
al. The central role in both oxygen-hydrogen donor com-
plexes found is played by trivalent oxygen atoms (cf. Ref.
7). The corresponding vibration frequencies are estimat-
ed to be around 640 cm™!. It should be noted that a
band at 670 cm™ !, found in a-Ge:(H,0) layers, was
identified as a Ge-O vibration at a Ge atom bonded to
one H atom as well by Lucovsky et al.
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