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A new photoluminescencesPLd band in the energy range of 700 to 950 meV associated with hafnium
implanted in silicon is reported. A shift in the position of photoluminescence peaks observed on the samples
implanted with two different isotopes of Hf confirms the Hf-related origin of the observed photoluminescence
band. Activation of the Hf-optical centers requires a 1000 °C anneal step. The intensity of the PL lines depends
on the cooling conditions. The spectrum consists of 5 peaks in the rapidly quenched sample as opposed to 21
in the slowly cooled sample. Temperature- and excitation power-dependent PL measurements were performed
to identify their nature. The 943.8 meV line was associated with an exciton complex, while the 896.6 meV line
originates from impurity bound exciton. The 896.6 meV emission line appears to be related to a Hf-related
deep level defect atEC-0.22 eV, the 845 meV line to a deep level defect atEC-0.27 eV. The pressure mea-
surements indicate that the 845 meV peak could be an internal transition. It is also found that oxygen coim-
plantation enhances the PL intensity in rapidly quenched samples.

DOI: 10.1103/PhysRevB.71.195208 PACS numberssd: 71.20.Be, 71.20.Mq, 71.55.2i

I. INTRODUCTION

There has been much interest in replacing silicon dioxide
in CMOS transistors and using gate dielectric films with high
dielectric constants. The area of advanced gate dielectrics
has gained considerable attention recently. Among the high-k
dielectrics ZrO2, HfO2, Ta2O5, and Al2O3, etc., have high
dielectric constants, but the most promising in terms of meet-
ing the requirements and improving the performance of Si
devices appears to be HfO2.

1,2 The activation of implanted
dopants such as phosphorus or boron in silicon require high-
temperature anneals. A high-temperature anneal could lead to
metal sHfd associated with the dielectric filmsHfO2d to dif-
fuse into the near-surface device layer of the sample. There-
fore, it becomes important to understand the electrical and
optical properties of Hf in Si. Electrical levels of Hf in Si
observed in samples doped with Hf during crystal growth
were reported by Lemke.3 However, there are hardly any
data on optical properties of Hf in Si. In our investigation,
we report observation of a PL signal of Hf in Si in the energy
range of 700 to 950 meV and describe the general features
of the emission spectra, its dependence on the quenching
process, and the influence of oxygen concentration on lumi-
nescence.

II. EXPERIMENTAL PROCEDURES

N-type CzochralskisCZd silicon wafers with a resistivity
of 5–10V cm were implanted with hafnium at an energy of

50 keV and dose of 1013 cm−2. Some p-type CZ samples
were also implanted and showed similar results asn-type
silicon. The implantation profile showed a hafnium peak
concentration of 1018 cm−3 as measured by secondary ion
mass spectrometrysSIMSd. In the as-implanted samples, the
crystalline quality was good as confirmed by Rutherford
back scatteringsRBSd which could be expected because the
implant was a nonamorphizing low-dose implant
s1013 cm−2d.4 Unfortunately, the Hf concentration in these
samples was below the detection limit of RBS. Additionally,
samples contaminated during growth from the silicon melt
scourtesy of H. Lemked were also measured, but no PL signal
was observed.

The source of the ion implanter used in this study pro-
duces negative ions by cesium sputtering. Since the yield of
Hf− is poor, Hf has been implanted in the HfO− molecular
form, where it is expected to break up into Hf and O.5–8 The
isotope180Hf has been implanted in the silicon samples, with
the exception of the experiments described in Sec. III B,
where samples implanted with178Hf and 180Hf were com-
pared. To study the effect of oxygen concentration, several
samples were additionally implanted with oxygen.

Samples were annealed in a horizontal furnace in Ar am-
bient in three steps: 650 °C for 30 min, then 1000 °C for
3 h, and then cooled to room temperature. The first step is
often used to anneal out implantation-induced damage and
restore crystallinity.9 The second steps1000 °Cd is needed to
activate Hf. Two different cooling rates were used to cool the
sample from the annealing temperature of 1000 °C to room
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temperature. The first one, slow furnace cool, was imple-
mented by shutting down the furnace and allowing sample to
cool to room temperature, which took about 30 min. The
second technique, rapid quench, involves removing the
sample at 1000 °C and dropping it on an Al plate heat sink.

PhotoluminescencesPLd measurements were performed
in a closed-cycle helium cryostat at 12 K unless noted oth-
erwise. The PL was excited by a cw argon-ion lasers20 mW
at the sample surface unless noted otherwised with a wave-
length of 514.5 nm and detected with a Ge detector cooled
by liquid nitrogen.

III. RESULTS AND DISCUSSION

A. Dependence of PL spectra on cooling conditions

Figure 1 shows PL spectra for three samples. Curve 1
sdotted lined represents PL spectrum for a Hf-implanted
sample annealed at 650 °C for 30 min. Curve 2sdashed lined
is PL signal for a sample that was annealed at 650 °C for
30 min, 1000 °C for 3 h, and rapidly quenched. Curve 3
ssolid lined shows a sample which was annealed at 650 °C
for 30 min, 1000 °C for 3 h, and cooled slowly to room
temperature. It is clear that the 1000 °C annealing step is
critical to the activation of the optical centers, and that the
quenching process plays a significant role in determining the
PL spectrum. The quenching process has also been
reported10 to be a dominant factor in determining the PL
spectrum of silicon lightly doped with copper. For curve 2,
five distinct peaks are observed on top of the broad band
centered at 0.85 eV. From high to low energy, these peaks
are labeled asaHf0, aHf1, aHf2, bHf, andcHf. In this notation,
the left superscript indicates the line system and the right
superscript denotes the number of phonons involved. The
distances betweenaHf0, aHf1, andaHf2 are similar, indicating
that aHf1 and aHf2 are likely to be phonon replicas ofaHf0.
The lines, their energies, their tentative system groupings,

and the energy difference between the phonon replica and its
zero phonon line of a particular line systemsDEd are tabu-
lated in Table I.

Evidently, the broad band in the upper half of the spectra
drops in magnitude for slowly cooled sample 3 in Fig. 1. The
PL spectrum of curve 3 displays 21 lines compared to 5 for
curve 2. Since the lines are so numerous, they have not been
labeled in Fig. 1, and are shown on a more detailed scale in
Fig. 2. Two linessaHf0 andaHf1d are common to both the PL
spectra of curves 2 and 3. Two new systems with three pho-
non replicas are observed after slow cool,dHf szero-phonon
line at 896.6 meVd and eHf szero-phonon line at 845 meVd.
Another PL peak found at 831.4 meVs fHf0d has two phonon
replicas. Since the values ofDE for phonon replicas ofaHf,
dHf, eHf, fHf, and gHf listed in Table I are very similar, it
appears that they are due to the same phonon with
20.9±0.6 meV, which matches within the error margins the
21.3±0.5 meV transverse acousticsTAd phonon.11,12 Addi-
tionally, there are six peaks in the PL spectrum of the slowly
cooled sample labeled ashHf, iHf, jHf, kHf, lHf, and mHf

FIG. 1. The PL spectra of Hf in Si. The dotted linescurve 1d
represents the sample which was annealed at 650 °C for 30 min.
The dashed linescurve 2d is the sample which was annealed at
650 °C for 30 min, 1000 °C for 3 h, and rapidly quenched. The
solid line scurve 3d indicates the sample that was annealed at
650 °C for 30 min, 1000 °C for 3 h, and slowly cooled.

TABLE I. A compilation of all sharp lines observed in the Hf
spectrum for the rapidly quenched and the slowly cooled samples.
The labeling is explained in the text. The implanted species was
180Hf.

Line EnergysmeVd Description
DEsmeVd
spectral PhononsmeVd

aHf0 943.8 Zero-phonon line ¯

aHf1 923.6 Phonon replica 20.2 20.2
aHf2 902.6 Phonon replica 41.2 21.0

bHf 873 Peak
cHf 753.2 Peak

dHf0 896.6 Zero-phonon line
dHf1 875.8 Phonon replica 20.8 20.8
dHf2 855 Phonon replica 41.6 20.8
dHf3 834.1 Phonon replica 62.5 20.9

eHf0 845 Zero phonon line
eHf1 823.9 Phonon replica 21.1 21.1
eHf2 803 Phonon replica 42.0 20.9
eHf3 782.1 Phonon replica 62.9 20.9

fHf0 831.4 Zero phonon line
fHf1 810.1 Phonon replica 21.3 21.3
fHf2 788.9 Phonon replica 42.5 21.2

gHf0 927.4 Zero phonon line
gHf1 906.8 Phonon replica 20.6 20.6

hHf 941.5 Peak
iHf 935 Peak
jHf 912.4 Peak
kHf 903.1 Peak
lHf 901.3 Peak
mHf 885.8 Peak
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with relatively low PL signal. They are given no right-sided
superscripts because they do not appear to have any phonon
replicassor the intensities of these replicas are too low to be
detectedd.

Since there are two PL spectra obtained depending on the
quenching process, it was interesting to see whether the PL
spectrum of a rapidly quenched sample can be converted to
the spectrum of a slowly cooled sample by a short reanneal.
The rapidly quenched samplescurve 2 in Fig. 1d was further
annealed in the horizontal furnace at 1000 °C for 30 min and
allowed to cool slowly to room temperature. PL was mea-
sured again and a curve similar to spectrum 3 was obtained.
Likewise, it was found that if a slowly cooled sample show-
ing spectrum 3 was reannealed at 1000 °C for 30 min and
then rapidly quenched, a PL spectrum very similar to spec-
trum 2 was observed. Therefore, the PL spectrum of a slowly
cooled sample can be changed into the PL spectrum of a
rapidly quenched sample simply by a reanneal, and vice
versa.

In Fig. 1, theaHf0 peak is about two orders of magnitude
weaker in slowly cooled sample than the rapidly quenched
sample. Crystalline quality of the silicon has been
observed13–15 to adversely affect the luminescence of Er.
However, RBS measurements revealed no difference in the
crystalline quality of the rapidly quenched and the slowly

cooled samples. Therefore, it is likely that the microscopic
structure of the Hf-implanted samples changes depending on
the cooling rate of the samples. One can speculate that in the
case of a rapid cooling, higher Hf concentration gets
quenched in the dissolved stateswhich could be interstitial or
substitutionald, and it is possible that the dominant peak in
the PL spectrum,aHf0, is due to these isolated Hf species.
Since dissolved hafnium can travel longer distances in the
slowly cooled samples, it is likely that these samples have a
higher fraction of complexes and thus more small lines ap-
pear ssee Fig. 1d, while the density of dissolved species
which give rise to theaHf0 emission decreases.

B. Isotope substitution

To unambiguously identify hafnium as the source of the
PL signal obtained in our experiments, we compared PL
spectra of two samples implanted with178Hf and 180Hf, re-
spectively. The implanted samples were annealed at 650 °C
for 30 min, 1000 °C for 3 h, and then slowly cooled. The
eHf0 line fthe strongest line in the spectra of these samples;
see Fig. 2sadg was measured with a small step size and high-
est resolution possible for our experimental setup. Figure 3
shows the experimental points for both spectra, their Gauss-
ian fits, and the center point for each of the fitted curves. The
center points of spectrum peaks for178Hf and 180Hf are
845.15 and 845.25 meV, respectively. An isotope shift of
0.1±0.02 meV is clearly visible. The lighter isotope has a
lower transition energy as expected for an oscillator model.
This isotope shift is consistent with shifts observed in the
literature for other metals in Si, such as for copper and zinc.
For copper, the shift between63Cu and 65Cu is 0.08 meV,16

and for zinc, the shift between64Zn and 68Zn is 0.1 meV.17

These measurements provide direct evidence that the ob-
served luminescence is indeed hafnium related.

C. Temperature-dependent PL

The variation of the emission intensity with temperature
under continuous excitation is a measure of luminescent ef-

FIG. 2. Detailed PL spectrumfsad lower half, andsbd upper halfg
of sample annealed at 650 °C for 30 min, then 1000 °C for 3 h,
and then slowly cooled.

FIG. 3. High-resolution PL spectra of theeHfo line for samples
implanted with178Hf and 180Hf, respectively. The solid and dashed
line are Gaussian fits to the experimental points. The vertical lines
indicate positions of the peaks estimated from the fit.
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ficiency and provides a key to understanding the mechanism
of luminescence. Three peaks with the strongest PL signal at
12 K, aHf0 ssee Fig. 1d, dHf0, andeHf0 fsee Fig. 2sadg, were
chosen for analysis of temperature dependence of PL inten-
sity. Figure 4 shows the integrated intensity against recipro-
cal temperature foraHf0. If we assume that an exciton com-
plex is involved in the luminescence process, the intensity
can be described with the following formula:18

IsTd =
Is0d

F1 + oi=1

N
Ci expS−

Ei

kBT
DG , s1d

where IsTd is the luminescence intensity at temperatureT,
Is0d is the intensity at 0 K, andkB is the Boltzmann constant.

This formula is based on a model that photoluminescence
stems from an exciton complex havingN excited states at
energiesEi higher than the ground stateEo. These energies
are associated with the dissociation of the impurity-exciton
complex. There are various channels of dissociation.18 One is
simply for the bound exciton to become a free exciton. A
second way is for the complex to dissociate, resulting in one
free electron and one free hole. Another mechanism results in
one free hole, and the fourth process involves emitting two
free holes and one free electron.Ci is the degeneracy ratio of
level i to the ground statesCi =gi /go, wheregi and go are
degeneracies of levelsEi andEod and is also called coupling
coefficient. There are two important assumptions under
which this formula was derived. The first assumption is that
the total number of excitons in the system is temperature
independent and hence remains constant. The second as-
sumption is that the occupation of the different exciton levels
is temperature dependent.

In 1947, Williams and Eyring19 suggested the simplest
form of Eq. s1d with N=1, i.e., with a one-step activation
process with exciton at ground level. In 1971, Bimberg
et al.18 showed that the formula withN=1 could not explain
the behavior of excitons bound to donors in GaAs and GaP,
and expanded the model to an impurity exciton complex as-

sociated with three energy levels: a ground-state energyEo
and excited states with excess energiesE1 andE2. In 1982,
Eq. s1d was extended to a system with four levels,Eo, E1, E2,
E3 to explain temperature-dependent luminescence intensity
decay of copper pairs in silicon.16

With our experimental results in Fig. 4, we tried fitting
our data withN=1, 2, 3, and 4, but only the double expo-
nential gave a good fit. A fit of the datasfor the 943.8 meV
emission line, aHf0d yields E1=8.95 meV and E2
=85.4 meV, andC1=15.8 andC2=3.863106, respectively.
The physical meaning behind the energies is that, if we as-
sume the mechanism for the luminescence decay for center
aHf0 constitutes an impurity exciton complex, then that com-
plex has three energy levels: a ground state of energyEo,
where it is bound, and two higher states of energies 8.95 and
85.4 meV above ground state where it is dissociated. Since
the degeneracy ratioC2 is so high, this is the band into which
the ionization will likely occur. Thus, the relevant ionization
energy from the exciton ground state isEA =E2=85.4 meV.
Weberet al.16 found a good correlation between the residual
one-particle energy, calculated asEt=Eg−hn−EA swherehn
is the energy of zero-phonon line,Eg is the band gap, andEt
is the electron binding energyd, and corresponding energy
levels determined from deep-level transient spectroscopy
sDLTSd for Cu pairs and CrB pairs. We performed the same
calculation with thermal ionization energy of 85.4 meV,
from which a residual one-particle binding energy ofEt
=140 meV sfor the aHf0 PL lined results. Lemke,3 using
DLTS, determined two Hf-related energy levels close to this
value atEC-0.10 eV andEC-0.17 eV in the upper half of the
silicon band gap. Both of these energies are closeswithin
0.03 to 0.04 eVd to Et obtained from our optical measure-
ment, but neither of the two levels matches our calculatedEt
exactly; therefore, it is not possible to identify this optical
transition with a particular deep level. We made an attempt to
measure DLTS on the rapidly quenched sample but, due to
carrier freezeout in Hf-contaminated samples, the capaci-
tance became negligible below 200 K; consequently, the
measurements could not be performed at temperatures suffi-
ciently low to detect energy levels aroundEC-0.14 eV.

The slowly cooled sample has two other zero phonon
peaks with sufficiently high intensity to study them in detail,
dHf0 and eHf0 at 896.6 and 845 meV, respectively.

Temperature dependence of PL intensity performed on
dHf0 s896.6 meVd is presented in Fig. 4. In this case, only a
single exponentialfEq. s1dg was necessary to fit the experi-
mental points, and the relevant ionization energy ofEA
=51.5 meV was obtained. From this, a residual one-particle
binding energy ofEt=0.222 eV can be calculated. This value
is in excellent agreement withEC-0.22 eV, which is one of
the defect levels we found in the slow cool sample using
DLTS; furthermore, Lemkeet al.3 detected a deep level de-
fect with a similar energy, reported atEC-0.24 eV.

Figure 4 illustrates the PL integrated intensity foreHf0

s845 meV emission lined and the single exponential fit which
yields an activation energy of 28.8 meV. The residual one-
particle binding energy ofEt=0.296 eV is close to our value
of EC-0.27 eV obtained from DLTS measurements in the
temperature range from 130 to 180 K. The position of data
points for theEC-0.27 eV on the Arrhenius plot correlates

FIG. 4. Temperature dependence of theaHfo, dHfo, andeHfo line
intensities. The symbols are the experimental points. The solid lines
represent the fit.
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with Lemke’s3 data, which reported, for apparently the same
peak, a slightly higher activation energy ofEC-0.33 eV.

As discussed earlier, temperature-dependent PL data for
aHf0 yield two activation energies which seem to point to the
center being an impurity exciton complex, whereas one-step
ionization energy fordHf0 indicates that this emission line
may have its origin in impurity bound excitons.

D. Excitation-dependent PL

Luminescence excitation measurements probe higher ex-
cited states of the optical centers and are often used to reveal
the recombination process that is giving rise to a particular
peak. Excitation-dependent PL was performed foraHf0, dHf0,
and eHf0. Figure 5 shows three possible types of radiative
recombination processes. Transition “a” is conduction band-
to-acceptor and “c” is donor-to-valence band. Transition “b”
is a recombinative process between a donor level and an
acceptor level, which results in donor-acceptor pairsDAPd
emission. Donor-acceptor pair recombination has been well
studied by Hopfieldet al.,20 Deanet al.,21 and Lucovskyet
al.22 Through extensive review of experimental work,21 the
following five criteria22 have become known to unambigu-
ously identify lines of DAP origin.

s1d The PL peak shifts to higher energies with increasing
excitation intensity.

s2d The PL peak narrows significantly with increasing ex-
citation intensity.

s3d The PL peak shifts towards higher energies with in-
creasing donor concentration.

s4d The PL peak intensity decreases rapidly above 35 K.
s5d As the temperature increases, the PL peak shifts to

higher energies.
We were able to investigate fours1, 2, 4, and 5d of these five
conditions. Figure 6 shows the intensity of the 943.8 meV
line saHf0d with its two phonon replicas for various excita-
tion intensities. As the excitation intensity is increasedssee
Fig. 6d, the line does not shift to higher energiesscriterion 1
failsd and the peak does not appear to narrow significantly
scriterion 2 failsd. In addition, it is evident from Fig. 7 that
the intensity of the peak decreases gradually as the tempera-
ture reaches 35 Kscriterion 4 failsd and the peak shifts to
lower energy as the temperature is increasedscriterion 5
failsd. Testing conditions 1, 2, 4, and 5 indicates that theaHf0

peak does not appear to be a DAP transition.23 In addition,
excitation-dependent PL was measured on peaks labeled as
dHf0 and eHf0 and are shown in Figs. 8 and 9, respectively.

The laser power incident on the sample was varied from
0.45 to 20.9 mW. The peak labeleddHf0 in Fig. 8 neither
appears to shift to higher energies nor shows band narrowing
as the excitation power is increased. The same is true for the
eHf0 peak in Fig. 9. This strongly suggests that none of the
three emission lines studied in detail,aHf0, dHf0, eHf0, is due
to DAP transition.

The pressure dependence of the 845 meV PL lineseHf0d
measured in the range up to 84 kbarsdue to the background
infrared luminescence of the diamond anvils available to us,
only the shift of the strongest PL line in the slow cool sample
could be measuredd revealed that the peak shifts to lower
energy with the pressure coefficient of approximately
−0.045 meV/kbar, which is much less than the pressure co-
efficients of the conduction bands−3.9 meV/kbard and the
valence bands−2 meV/kbard.24 These data point towards the
possibility that eHf0 could be an internal transition rather
than a donor-to-band transition. Erbium in silicon is another
well-known example of metal impurity with internal transi-
tion in a similar energy range. Although Er internal transition

FIG. 5. Illustration of three possible radiative mechanisms:sad
conduction band to deep level;sbd donor-acceptor pair transition;
scd deep level to valence band.

FIG. 6. PL spectrum of theaHfo line salong with phonon repli-
casd under various excitation intensity from 0.2 to 20 mW mea-
sured at 12 K. The sample was annealed at 650 °C for 30 min,
1000 °C for 3 h, and rapidly quenched.

FIG. 7. PL spectrum of theaHfo line measured under varying
temperature from 12 to 100 K. The sample was annealed at 650 °C
for 30 min, 1000 °C for 3 h, and rapidly quenched.
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of 4f →4f s4I13/2→4I15/2, see Refs. 14, 15, and 25–28 for
detailsd is not accompanied by phonon replicas,27 eHf0 zero
phonon line appears to have three of them. The observation
of phonon replicas does not necessarily contradict the intrin-
sic nature of the transition, for example, Cr in GaAs has an
internal transitions5E→ 5T2d with phonon replicas.29–31 The
internal transition of Cr involves 3d orbitals andeHf0 transi-
tion most likely involves its 5d orbitals since the electronic
configuration of Hf is 4f145d26s2. Since thed orbitals are
much less localized than thef orbitals, they interact with the
host lattice stronger than thef orbitals, so coupling is pos-
sible, which in its turn leads to appearance of phonon repli-
cas.

The energy level diagram32 of the atomic transitions of Hf
are shown in Fig. 10. We could not match the energy of the
845 meV transitionsor any other transition listed in Table Id
with the known optical transitions of Hf in vacuum, as it was
done in the case of Er, unless we assumed that the energies
of thed orbitals of Hf shift due to the presence of the crystal
field of silicon. For example, in view of Fig. 10, the
814 meVsa 3P1→a 3F2d transition would become 845 meV
if a 3P1 shifts to higher energy by 31 meV.

In the case of Er, which has a 4f internal transition at the
wavelength of 1.54mm, it was found that the luminescence
peak appears at the same wavelength whether it is implanted
in GaAs, GaP, or InP. We implanted Hf in GaAs at dose of
1013 cm−2 and energy of 87 keV, and annealed two samples
following the procedure optimized by Gernotet al.33 for lu-
minescence of Er in GaAsfrapid thermal annealed in flowing
forming gass90% N2 and 10% H2d at 700 °C for 30 sg.
However, no Hf-related PL signal was observed. This might
indicate that either the temperature which worked well for Er
in GaAs is insufficient for Hf in GaAs, or that a certain local
environment is required to activate photoluminescence in the
case of a less localized 5d transition.

First, we will discuss the possibility that this PL signal is
due to hafnium silicide. Hafnium easily forms bonds to sili-
con with the formation of hafnium silicide observed at tem-
peratures as low as 450 °C.34–36 However, the features of
Hf-related photoluminescence are not characteristic for sili-
cides. It is instructive to compare Hf-related PL at about
1.3 mm with the 1.54mm luminescence that results from
b-FeSi2 precipitates in Si.37,38 Several important differences
are evident. One is that the iron-silicide peak has a full width
at half maximumsFWHMd of 52.6 meV for the iron im-
planted at an energy of 100 keV, whereas theaHf0 peak is
much narrower and has a FWHM of only 3 meV or less.
Second is that the iron implanted samples show one peak
with no phonon replicas, whereas our Hf-implanted samples
do show phonon replicas.38 The excitation-dependent PL for
the 100 keV Fe implant shows a shift in peak energy as a
function of excitation power as opposed to our samples
which show no shift in peak energyssee Figs. 6, 8, and 9d.
Finally, the temperature-dependent PL ofb-FeSi2 shows
hardly any drop in PL signal from 16–100 K,37 but displays
a three orders of magnitude drop between 100–200 K from
which well-defined activation energy of 0.26 eV can be de-
termined. From Fig. 4, it is clear that for Hf-PL, the signal
shows a relatively insignificant drop from 12–20 K but
shows a one order of magnitude drop from 20–100 K from
which two activation energies, 8.95 and 85.4 meV, can be
obtained. At 100 K the Hf-related PL signal disappears com-
pletely. Therefore, it is clearly evident from the differences
presented above between theb-FeSi2 and theaHf0 that it is
very unlikely that the Hf-related photoluminescence ob-
served in our study originates from hafnium silicide precipi-
tates in silicon.

FIG. 8. PL spectrum of thedHfo line under various excitation
intensity from 0.45 to 20.9 mW. The sample was annealed at
650 °C for 30 min, 1000 °C for 3 h, and slowly cooled.

FIG. 9. PL spectrum of theeHfo line under various excitation
intensity from 0.45 to 20.9 mW. The sample was annealed at
650 °C for 30 min, 1000 °C for 3 h, and slowly cooled.

FIG. 10. Energy level diagram for the atomic transitions of Hf
sfrom Ref. 32d.
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E. Effect of oxygen on optical centers

It is well known that oxygensOd enhances the lumines-
cence of optical centers such as zinc17 and erbium39,40 in
silicon. To check if oxygen would have a similar effect on
the formation of Hf-related optical centers, Hf-implanted
samples were coimplanted with oxygen. Three types of
samples were used. Oxygen was coimplanted at an energy of
50 keV, 80° tilt, and dose of 1013, 1014, and 1015 cm−2. Ac-
cording to the SRIMsRef. 41d simulation results, these im-
plantation parameters ensured flat distribution of oxygen
over the Hf-implanted area. The local implanted oxygen con-
centration at the peak of the implantation profile was calcu-
lated to be 1018, 1019, and 1020 cm−3. Since we used CZ
silicon with background oxygen content around 1018 cm−3,
and Hf was implanted with HfO− species, the local oxygen
concentration at the Hf projected range depth could reach
1018 cm−3 even in the samples which were not coimplanted
with oxygen. Additional oxygen implantation at dose of
1013 cm−2 did not change this concentration substantially;
implantation at doses of 1014 and 1015 cm−2 increased it by
one and two orders of magnitude, respectively.

The oxygen-coimplanted samples were annealed in a
horizontal furnace at 650 °C for 30 min, 1000 °C for 3 h,
and then rapidly quenched. Figure 11 displays PL spectra
measured for these samples. The solid, dashed, and dotted
lines represent Hf samples coimplanted with oxygen at dose
of 1013, 1014, and 1015 cm−2, respectively. Each of the curves
in Fig. 11 was normalized relatively to the phosphorus bound
exciton peak at 1091.8 meV.

Evidently, the intensity of theaHf0 line and its phonon
replicas increases with the oxygen concentrationsnote that

the vertical scale in Fig. 11 is logarithmicd. In fact, in the
samples in which oxygen coimplantation increased the local
oxygen concentration by two orders of magnitude, the PL
intensity is also enhanced two orders of magnitude. Hence, it
is clear that oxygen is involved, either directly or indirectly,
in the formation of the observed Hf-related PL signal. A
similar experiment was performed with slowly cooled
sample; however, no strong impact of oxygen concentration
on the PL intensity was observed in this case.

IV. CONCLUSIONS

A new Hf-related PL signature is reported. More than 25
lines and five sequences have been tabulated. The observa-
tion of these lines and their phonon replicas is dependent on
the cooling conditions: most of the series appear after slow
cooling from 1000 °C, whereas only five lines are observed
after rapid quench. It was found that the “slow cool” PL
spectrum can be converted into a “rapid quench” PL spec-
trum by reannealing the sample. Shift in the peak positions
observed in samples implanted with two different isotopes of
Hf provides evidence that the observed signal is Hf related.
Temperature-and excitation-dependent PL of zero phonon
lines aHf0, dHf0, andeHf0 was performed. None of the three
emission lines appears to be donor-acceptor pair transitions.
It was concluded that the 943.8 meVsdHf0d line is most
likely due to impurity exciton complex, whereas the
896.6 meV sdHf0d line seems to originate from impurity
bound excitons. The calculated residual one-particle binding
energy of 845 meVseHf0d line seems to correlate with the
energy level atEC-0.27 eV. The 896.6 meVsdHf0d emission
line correlates with the energy position of the Hf-related
deep level defect atEC-0.22 eV. The calculated residual one-
particle binding energy of 943.8 meVsaHf0d line falls in the
middle between theEC-0.10 eV andEC-0.17 eV deep levels,
and therefore could not be matched exactly to either of these
levels. The pressure measurements oneHf0 line suggest that
it could be an internal transition within itsd shell; however,
neither the peak energy could be correlated with the known
Hf optical transition in vacuum, nor could we observe the
same transition in Hf-implanted GaAs. The PL intensity of
Hf in rapidly quenched sample is enhanced in the presence of
high oxygen concentration.
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FIG. 11. PL spectra taken of Hf implanted inn-CZ silicon with
coimplantation of oxygen at a dose of 1013 cm−2 ssolid lined,
1014 cm−2 sdashed curved, and 1015 cm−2 sdotted lined. All samples
were annealed at 650 °C for 30 min, 1000 °C for 3 h, and rapidly
quenched.
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