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Shallow hydrogen-related donors in silicon
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Photothermal ionization spectroscopy on neutron-irradiated and subsequently hydrogen-plasma-
treated silicon reveals the existence of new shallow donors. The binding energies of the observed
effective-mass-like donors are between 34 and 53 meV. The optical dipole transitions of the different
donors are shifted towards higher energies by AE =0.1-0.2 cm, when deuterium is used in the plasma
instead of hydrogen. This isotope shift of the optical dipole transitions between the electronic levels of
the defects is direct proof of the incorporation of hydrogen in these defects.

I. INTRODUCTION II. EXPERIMENTAL DETAILS

Hydrogen in crystalline semiconductors forms readily
chemical bonds with either the host or impurity atoms. '

In particular in Si the interaction of hydrogen with
donors or acceptors was studied intensively and detailed
models of the defect structures were proposed. ' In ad-
dition to the passivation of shallow defects by hydrogen
there exists experimental evidence for the passivation of
deep enters.

Proton implantation in Si generates several deep de-
fects, which do not depend on the implanted species. But
during annealing of the implanted samples hydrogen was
found to become mobile and to bind to the radiation in-
duced defects, leading to their passivation. ' At the
same annealing temperatures new donors are formed. '

At least three new shallow donors could be detected by
photothermal ionization spectroscopy (PTIS). ' There
are also reports on the formation of shallow donors after
annealing of neutron transmutation doped (NTD) silicon
grown in a hydrogen atmosphere. '

In Ref. 11 we have tried to separate the damaging pro-
cess from the diffusion of atomic hydrogen by diffusing
hydrogen from an rf-driven plasma into silicon which
was already heavily damaged by neutron irradiation.
After this procedure we detect in addition to the donors
observed in proton-implanted silicon several new donors
which we labeled HD donors. ' Although there was indi-
cation of hydrogen incorporation in these donors, definite
proof is still missing.

In the present study we use high-resolution PTIS (Ref.
13) to investigate these shallow donors in detail. We re-
port on five new shallow donors created after hydrogen
plasma treatment of neutron-irradiated silicon. The
binding energies of the observed effective-mass-like
donors are between 34—53 meV. When deuterium is used
in the plasma instead of hydrogen the optical dipole tran-
sitions of the different donors shift towards higher ener-
gies by AE =0. 1 —0.2 cm . An isotope shift of the opti-
cal dipole transitions between the electronic levels of the
defects proves unambiguously the incorporation of hy-
drogen in these defects.

In the present study the silicon samples were first irra-
diated with thermal neutrons ( n ) as in the neutron
transmutation doping process (NTD), ' but were not an-
nealed to avoid the elimination of the radiation damage
and the activation of the phosphorus donors. The neu-
tron fiux was 5.6 X 10' n/cm and the silicon starting
material had a resistivity of 3200 0 cm. The homogene-
ously damaged Boating zone silicon was then subjected to
an rf-driven H plasma working at a frequency of 13.56
MHz. The temperature of the H-plasma treatment was
chosen between 240'C —400'C for 1.5 —20 h. Deuterium
plasma treatments were at temperatures between
255'C-360'C for 4—5 h. The thermal stability of the
donors was determined by annealing the samples in inert
gas atmospheres at temperatures between 300 C—600'C
for 1 h. The spreading resistance profiles were taken on a
commercial setup, ASR 100 C from Solid State Measure-
ments.

The Ohmic contacts were Ni-Au-Sb-Au alternating
layers evaporated onto the plasma exposed sample sur-
face and alloyed by a pulsed Nd-YAG (yttrium alumi-
num garnet) laser. A Bruker IFS 113v Fourier transform
spectrometer was used in this PTIS study. The spectra
were recorded with an unapodized spectral resolution of
0.04—0. 1 cm '. The broadening of the instrumental
linewidth during apodization according to Norton and
Beer' is a factor of 1.2 larger compared to the unapo-
dized linewidth.

III. RESULTS

A. Spreading resistance profiles

The spreading resistance profiles of the samples direct-
ly after the neutron irradiation and those after additional
annealing at 300'C for 3 h in a H2 atmosphere are identi-
cal. A typical profile of these samples is shown as profile
(a) in Fig. 1. The constant high resistance is evidence for
the homogeneous damage of the samples. A hydrogen
plasma treatment (385'C, 2 h) of the n-irradiated sample
generates a steplike profile [profile (b) in Fig. I] with a re-
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FIG. 2. PTIS spectrum of n-irradiated and H-plasma-treated
silicon, measured at T = 18 K with an unapodized resolution of
0.1 cm

FIG. 1. Spreading resistance profile of neutron-irradiated sil-
icon after (a) annealing in a H2 atmosphere and (b) hydrogen-
plasma treatment.

gion of low resistivity directly below the surface which
was exposed to the hydrogen plasma. At 10 pm below
the surface the resistivity of the H-plasma-treated silicon
is identical to the resistivity of n-irradiated silicon
without any further treatment. We find no step in the
profile of phosphorus doped Si (NTD-Si) after H-plasma
treatment. Only neutron-irradiated and subsequently H-
plasma-treated silicon samples exhibit the steplike resis-
tivity profile, the surface resistivity and the depth of the
resistivity increase vary, however, with the parameters of
the H-plasma treatment. The difFerence in profiles (a)
and (b) of Fig. 1 can be attributed to the diffusion of hy-
drogen into the sample.

B. PTIS signal of the donors HD3 —HD7

A typical spectrum of a neutron-irradiated sample
which was subsequently annealed in a H plasma at 370 C
for 4 h is shown in Fig. 2. Several sharp photoionization
peaks can be resolved and we are able to group them into
six sets of lines, marked by HD3 —HD7 and P in Fig. 2.
In a few samples we detect additional line series
HDO —HD2, which are still subject of our investigations.
In the spectral region 220 —290 cm ' the PTIS spectrum
is dominated by the strong line series denoted HD4 and
HD5, while at energies higher than 300 crn ' HD6 and P
are the most intense lines. The line series HD3 and HD7
show up only with small intensity on a strong back-
ground signal.

The line positions of the observed series HD3 —HD7
are listed in Table I. A comparison of the line separa-
tions with those predicted by the effective-mass theory
(EMT) (Refs. 16 and 17) identifies the observed lines as
ground- to excited-state transitions of several EMT-like
donors, labeled HD3 —HD7. The P-line series represent

the well known optical dipole transitions of the phos-
phorus donor, ' which was generated by n irradiation and
thermally activated during the plasma treatment. The
ionization energies of the HD donors determined from
the 1s~4p+ or 1s —+5p+ transitions are between 34—53
meV. Table I lists the ionization energies for all donors
along with the deviations —chemical shift —from the
ionization energy predicted by the effective-mass theory.
The donors HD3 and HD5 show the transitions 1s —+2p+
up to 1s~4p+, well resolved with respect to the back-
ground signal, in addition for the donors HD4 and HD6
even the dipole transitions from the 1s ground state to the
Sp+ excited state are detectable. The donors HD3 —HD7
exhibit a splitting of the 1s —+2p+ transitions. Energies
for the resolved sphttings are given in Table I. Similar
line splittings are common features for EMT donors in
Si.' ' The linewidths full width at half maximum of the
optical dipole transitions lines of the HD donors are be-
tween 0.6—0.9 cm '. Measurements of the PTIS signals
at different temperatures in the range of 8 —23 K show an
increase of the line intensities due to thermal activation.
For the donors HD3 —HD7 we cannot observe the
1s —+2po EMT donor level transitions. This agrees with
other PTIS investigations on donors in doped Si, ' ' '

where the same transition is only detected with small sig-
nal strengths. The donors HD3 —HD7 are observed in
neutron-irradiated silicon after H-plasma treatments at
temperatures between 350 C—400'C. In particular the
donors HD4 —HD7 are present in all samples treated in
the temperature range mentioned above. The donor
HD3 can directly be detected only in a few samples inves-
tigated, in other samples the optical dipole transitions in
HD3 show up after an additional annealing at 400 C.

In addition we studied the inhuence of H-plasma treat-
ment on Si samples, which have not been damaged by any
other radiation processes before. In such samples we
only detected a PTIS signal resulting from the phos-
phorus dopant. We also failed to resolve a PTIS signal in
neutron-irradiated silicon after thermal annealing in inert
gas atmospheres of nitrogen, argon, and even hydrogen.
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TABLE I. The HD donor energy levels observed by PTIS. The binding energies are determined using the transitions to the 4p~
or 5@~ excited states. The precision of the energies determined in this work is +0.05 cm throughout the table.

Donor transitions
(cm ')

1s~2p~

1s —+3p~
1s~4p~
1s~5p+
E; (cm ')

E; (meV)

~E (3S*—2S *)

aE (4p~ —3p+)
hE (5p+ —4py)

EMT
(Ref. 17)

200.51

226.98
234.50
240.46
252.14
31.26

26.47

7.53
5.95

HD3

223.4

224.7
249.8
257.0

274.6
34.1

26.4

25.1

7.2

HD4

236.9

237.6
263.4
270.8
276.7
288.4
35.8
26.5

25.8
7.4
5.9

HD5

259.6

260.2
286.0
293.5
299.4
311.1
38.6
26.4

25.8
7.5
5.9

HD6

305.4

306.4
332.0
339.4
345.1

356.8
44.2
26.6

25.6
7.4
5.7

HD7

371.4

372.6
397.8
405.4

423.0
52.5
26.4

25.2
7.6

C. Isotope shift of the optical dipole transitions
of the donors HD4 —HD7

Although the HD donors have only been observed in
neutron-irradiated silicon after a H-plasma treatment
there is no direct proof for the incorporation of hydrogen
in the donors. In Figs. 3—5 a comparison of the PTIS
spectra for donors HD4 —HD7 generated in hydrogen or
deuterium plasma is given. The optical dipole transitions
in the deuterated samples are shifted towards larger ener-
gies relative to the line positions of the donors in the hy-
drogenated sample. The energy shift difFers slightly for
the different donors by DE=0. 1 —0.2 cm '. The exact
values are given in Table II. Within the experimental er-
ror the isotope shift is clearly resolved for the transitions
from the ground state to the 2p+ excited state up to the
transitions into the 4p+ excited states of the different
donors HD4 —HD7. For the lines of the donor HD3 a
clear shift was not observable due to the small signal
strength. No shift is observed for the phosphorus lines at

316 and at 342 cm '. ' The occurrence of the optical di-
pole transitions of the phosphorus donor after hydrogen
plasma treatment as well as after deuterium treatment at
the same photon energy demonstrates the high accuracy
of the experimental setup and supports our identification
of an isotope shift for the HD donors.

The chemical nature of many defects could be
identified by the isotope shift of localized vibrational de-
fect modes. In particular in silicon shallow donor-
hydrogen and acceptor-hydrogen complexes were
identified by deuterium isotope shifts. ' The vibration-
al modes of hydrogen-donor and hydrogen-acceptor com-
plexes are shifted to lower energies, when hydrogen is
substituted by deuterium. The isotope effects on the opti-
cal dipole transitions determined in the present paper are
very small compared to those found for the hydrogen lo-
cal vibrations. Similar isotope shifts for optical transition
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FIG. 3. PTIS signal of the donors HD4 and HD5 from n-
irradiated silicon after H(D)-plasma treatment of 370'C (360'C)
for 4 h and subsequent thermal annealing at 400'C. The spectra
were recorded with an unapodized resolution of 0.05 cm
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FIG. 4. Effect of the isotope substitution on the 1s~3p~ di-
pole transitions of the donor HD6. The spectra are taken on n-
irradiated silicon samples after H-plasma treatment (370'C, 4 h)
or D-plasma treatment (360'C, 4 h) and thermal annealing at
400 C for 1 h with an unapodized resolution of 0.05 cm
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TABLE II. Observed isotope shifts AE for the donors
HD4 —HD7.

Donors HD4 HD5 HD6 HD7

5E (cm ') 0. 15+0.05 0.20+0.05 0. 10+0.05 0. 15+0.05

between electronic shallow donor or acceptor states were
already reported in Ge.

The electronic level scheme for shallow donors is de-
scribed by the effective-mass theory, however, coupling of
the electronic levels with the lattice will modify the total
energy of the defect system. To a first approximation the
total energy of a defect is a linear combination of elec-
tronic and elastic energies. The elastic properties are in
most cases described in the harmonic-oscillator approxi-
mation. A schematic configuration coordination diagram
of the defect is given in Fig. 6.

Optical dipole transitions within this scheme are
characterized by the conservation of the lattice deforma-
tion coordinate Q (Franck-Condon principle ) and are
drawn as vertical arrows in Fig. 6. An isotope substitu-
tion of a defect atom species introduces a shift of the vi-
brational oscillator levels. An optical dipole transition is
sensitive to such an isotope substitution only if the
isotope-induced shifts of the vibronic levels are different
in the ground and the excited states.

The sign and the magnitude of the isotope-induced
shift of optical dipole transitions between electronic de-
fect levels can be explained in terms of an approach by
van Vechten, which is based on a model by Heine and
Henry. The isotope shift in the optical dipole transition
is attributed to a carrier induced mode softening and the
change of the zero point vibration due to the change in
impurity mass. The application of this approach to the
HD donors suggests different force constants for the vi-
bration of the donors in the ground and the excited
states. The strong localization of an electron in the
ground state corresponds to an increased polarization of
the lattice in the vicinity of the defect compared to the

FIG. 6. Total energies of the ground state and the excited
states of a donor. The optical dipole transitions between elec-
tronic levels are indicated by arrows. The vibrational levels of
mH and m D are given as well.

excited states. This leads to a stiffer constant of the de-
fect in the ground state than in the excited states. The
substitution of mH by mD results in a larger shift of the
vibronic levels towards smaller energies in the ground
state compared to the excited states. Therefore the opti-
cal dipole transitions of the defect containing deuterium
E appear at higher energies than the ones of the defect
with hydrogen E (Fig. 6).

D. Thermal stability of the donors HD3 —HD7

The donors HD3 —HD7 created in neutron-irradiated
silicon during a hydrogen- (deuterium-) plasma treatment
are thermally stable up to a temperature of 500'C. After
annealing at T=600 C the PTIS signal vanishes. Figure
7 exhibits the PTIS signals of the donors HD3 —HD7
after different annealing stages. Directly after the D-
plasma treatment the optical dipole transitions occur on
a photoionization continuum, while subsequent annealing
at 400'C leads to a reduction of the continuum especially
at energies smaller than 300 cm '. A further increase of
the annealing temperature to 500 C causes a rapid de-
crease of the total PTIS signal, leading to the absence of
any PTIS signal after annealing at 600'C.

The different donors show different annealing behavior.
The donors HD4, HD5, and HD7 are present directly
after the H(D)-plasma treatment. They are also observed
after thermal anneals at temperatures of 300 C—500 C
with varying relative intensities. Directly after the deu-
terium plasma treatment as shown in Fig. 7(a) and also
after a subsequent annealing at 300'C the dipole transi-
tions of the donor HD4 are the most intense, the transi-
tions of HD5 show up with the same signal strength at an
additional annealing step at 400'C —Fig. 7(b). Increas-
ing the annealing temperature to 500'C makes the ioniza-
tion lines of HD5 the main contribution to the total PTIS
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ments in NTD silicon, which was grown in H2 ambient. '

The identity of the donors of Ref. 10 to the shallow
donors observed in the present paper cannot be estab-
lished due to the difference in the measurement tech-
niques used in the two experiments.

The shallow donors HD3 —HD7 are detected by PTIS
in H-plasma treated silicon crystals which were damaged
by neutron irradiation. The donors HD3 —HD7 have
central-cell corrections ranging from 2.8 to 21.2 meV.
No PTIS signal could be observed in neutron-irradiated
silicon after thermal annealing in atmospheres of hydro-
gen, nitrogen, or argon gases. The diffusion of atomic hy-
drogen ions seems to be necessary for the donor forma-
tion. The steplike spreading resistance profile is evidence
for a diffusion process of atomic hydrogen from the rf
plasma into the sample. Radiation induced defects have
to be present in the sample to bind the atomic hydrogen.
We interpret the formation of the HD donors as a bind-
ing between the radiation induced defects and atomic hy-
drogen. This reaction takes place at elevated tempera-
tures between 250—400'C. As the signal strength of the
donor HD3 is very small in the PTIS spectrum, we could
not detect a clear shift of its optical dipole transitions.
However it can be suggested that the donor HD3 also be-
longs to the HD-donor family.

V. CONCLUSION

g~ J..~.~a

200 240 280 320 360 400
Wave number (cm )

FIG. 7. PTIS signals of donors HD3 —HD7 after different an-
nealing processes. The spectra were recorded with the follow-
ing unapodized resolutions: (a) 0.5 cm ', (b) and (c) 0.1 cm

signal. The optical dipole transitions of the donor HD6,
are not observable without thermal annealing following
the D-plasma treatment (contrary to the hydrogen plas-
ma treatment). The PTIS signal of donor HD3 appears
only at an annealing temperature of 400'C.

IV. DISCUSSION

The results obtained by means of photothermal ioniza-
tion spectroscopy give sufficient information for an un-
derstanding of the formation of the new HD donors. In
addition to three shallow donors HD4 —HD6 which could
already be observed at the sensitivity limit of PTIS in
proton implanted silicon the hydrogen plasma treatment
of n-irradiated silicon creates several new donors in much
higher concentrations. The more efficient formation of
the new donors in the neutron-irradiated and hydrogen-
plasma-treated samples can be explained by the more uni-
form neutron damage process. In the literature shallow
donors were already detected using Hall-effect measure-

Photothermal ionization spectroscopy on neutron-
irradiated and subsequently hydrogen-plasma-treated sil-
icon reveals the existence of several new shallow donors.
These donors HD3 —HD7 having ionization energies be-
tween 34—53 meV are well described by the effective-
mass theory. The donors are the result of a defect reac-
tion of hydrogen with radiation induced defects. The
donors are created at temperatures between 250—400'C
in heavily damaged silicon in the presence of hydrogen.
Substituting hydrogen by deuterium leads to a shift of the
optical dipole transitions of the donors HD4 —HD7 to-
wards higher energies by DE=0. 1 —0.2 cm '. The ob-
served hydrogen-induced isotope shift is very small and
can be qualitatively interpreted in terms of a model pro-
posed by Heine and Henry. To our knowledge the new
hydrogen donors are the first evidence for a hydrogen ini-
tiated transformation of deep centers to shallow
effective-mass-like centers.
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