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Abstract

3 MeV holmium ions were implanted into Czochralski grown Si at a fluence of 5.5x10' Ho/em?®. Some samples were
co-implanted with oxygen to a concentration of (71 1)x 10" cm™}. After recrystallization, strong Ho segregation to the
surface is observed, which is fully suppressed by co-doping with O. After recrystallization, photoluminescence peaks are
observed at 1.197. 1.96 and 2.06 pm, characteristic for the 3[s—*I; and 5[, %1, transitions of Ho't. The Ho™* lu-
minescence lifetime at 1.197 pm is 14 ms at 12 K. The luminescence intensity shows temperature quenching with an
aclivation energy of 11 meV, both with and without © co-doping. The observed PL quenching cannot be explained by
free carrier Auger quenching, but instead must be due to energy backtransfer or electron hole pair dissociation.

Spreading resistance measutements indicate that Ho exhibits donor behavior, and that in the presence of O the free
carrier concentration is enhanced by more than two orders of magnitude. In the O co-doped sample 20% of the Ho**
was electrically active at room temperature. © 1999 Elsevier Science B.V. All rights reserved.

PACS: 61.72.T,; 78.20.—¢; 78.55.—m; 78.55.Ap

Keywords: Holmium; Luminescence; Rare earth; Silicon; Quenching; Doping

1. Introduction

The attainment of efficient light emission from
silicon is of great importance to achicve integrated
opto-electronic devices in which optical and elec-
tronic signal handling are performed on one Si
chip. One way to achieve light emission from Si is
by doping with rare earth ions. The trivaient (the
preferred bonding state) ions have an incomplete

* Corresponding author. Tel.: +31 20 608 1234; fax: +31 20
668 4106; e-mail: suyver@amolf.nl

1 present address: University of Electro-Communications,
Tokyo, Japan.

4f shell that is electrically shielded from the sur-
rounding host material by filled 5s and 5p shells.
This leads to relatively sharp and temperature in-
dependent intra 4f transitions. Doping of Si with
erbium ions, that emit at 1.54 pm, an important
telecommunication wavelength, has been studied
extensively [1,2], and room temperature photo-and
electroluminescence has been achieved [3,4]. While
the emission at 1.54 pm from the Si:Er is impot-
tant for the development of LED’s, amplifiers and
possibly lasers operating at 1.54 pm, one major
disadvantage is that this wavelength cannot be
detected by Si itself. It is therefore interesting to
study doping with a rare earth ion that emits at a

0168-583X/98/8 — see front matter © 1999 Elsevier Science B.V. All rights reserved.
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smaller wavelength, such as holmium (Ho**). This
jon has an optical transition from the second ex-
cited state (’I;) to the ground state (*I;) at 1.197
um [3], close to the Si bandgap (see Fig. 1). At this
wavelength the absorption coefficient of Si is 0.02
cm-1. This means that both creation and detection
of this wavelength on the same Si chip may be
possible, thus allowing for the fabrication of an
all-optical chip. In this paper the incorporation of
Ho in Si by ion implantation and the first mea-
surements of the optical and electrical properties
are reported.

2. Experimental

A single crystal Czochralski-grown silicon wa-
fer ({100}, P-doped, 1-5 Q ¢cm) was implanted with
2 MeV (5.5x 10" ionsfcm®) Ho jons at 77 K at a
pressure below 10~% mbar. Part of the wafer was
co-implanted with oxygen at different energies
(100, 187, 316 and 600 keV) to a total dose of
1.1x 10" ionsfcm? in order to obtain a flat oxygen
congentration profile. The average O concentra-
tion in the Ho implanted region measured with
elastic recoil detection (ERD), was (7+1)x 10" O/
c¢m’. The amorphized Ho-doped (O-co-doped)
layers were recrystallized by solid phase epitaxy (1
h at 490°C and 3 h at 600°C). Subsequently, rapid
thermal annealing at 1000°C under flowing Ar
atmosphere for 60 s was performed to anneal out
residual damage and activate the implanted Ho
atoms. Rutherford backscattering spectroscopy
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Fig. 1. Schematic model of trapping (T) and detrapping (D) of
an exciton at a Ho related defect level and excitation (E) and
energy backtransfer (B) of the Ho**,

(RBS) using 2 MeV He* was used to measure Ho
depth profiles, and recrystallization was examined
by performing channeling measurements.
Photoluminescence (PL) measurements were
done using the 514.4 nm line of an Ar ion laser as a
pump beam. The sample was mounted in a closed
cycle helium cryostat, using silver paint to ensure
good thermal contact. The PL signal was focused
into a 96 cm monochromator and collected by a
liquid nitrogen cooled Ge detector (wavelength
range 1-1.6 pm) and a 2-stage thermoelectrically
cooled PbS detector (1.6-2.3 um). The spectra ta-
ken with the Ge detector were corrected for de-
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Fig. 2. RBS spectrum of Si:Ho before (a) and after (b) re-
crystallization and the spectrum of Si:Ho,O after (c) recrystal-
fization. Also shown are SR profiles (d) of the SiHo sample
(full circles) and the Si:Ho,0 sample {open circles).
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tector response. The signal was detected using
standard lock-in techniques. Luminescence decay
traces were obtained by averaging the detector
signal on a digital oscilloscope. The system re-
sponse time was 160 ps. Measurements were taken
at temperatures ranging from 10 to 100 K.

The electrical properties of the Ho implanted
layers were determined by room temperature
spreading resistance (SR) measurements. The
samples were beveled at an angle of 34’ and the
spreading resistance data were converted into re-
sistivity and carrier concentration using calibrated
samples and a computational procedure by Ber-
kowitz and Lux [6].

3. Results and discussion

Fig. 2 shows the Ho related signal of an RBS
measurement before and after crystallization, with
and without oxygen. The spectrum for the as-im-
planted sample (Fig. 2(a)) shows a Gaussian Ho
distribution peaked at 650 nm with a full width at
half-maximum of 250 nm. Channeling data (not
shown) indicate that the Ho implantation causes
amorphization of a 1.3 ym thick surface layer.
After recrystallization (Fig. 2(b)) strong segrega-
tion of Ho to the surface was observed. This seg-
regation is very similar to that observed previously
for Er implanted Si, which was explained by a non-
equilibrium segregation and trapping process, in
which Er is segregated due to its low solubility in
¢-Si [7]. Fig. 2(c) shows the Ho profile of the O co-
doped sample after recrystallization. In this case,
no Ho segregation is observed. Again this is very
similar to experiments on Si:Er,0. The absence of
segregation is explained by the formation of
strongly bound Ho—O clusters that are trapped in
the growing crystal [7]. For all recrystallized sam-
ples, the channeling spectra of the Si showed good
quality single crystal with a minimum yield of 5%
after recrystallization.

In Fig. 2(d) carrier concentrations derived from
spreading resistance data are shown for the Ho
implanted sample with and without O. The back-
ground value in the bulk of the sample corre-
sponds to the P doping of the Si. As can be seen,
Ho implantation increases the carrier concentra-

tion to 2x10' cm~. Co-implantation of O leads
to a further increase in the free carrier concentra-
tion to a value of 3x 10 cm~—>. A similar effect was
seen before in Si:Er,O {8). From the absence of a
p-n junction, it is concluded that the doping is n-
type. Comparing the SR measurements with the
RBS data, an upper limit for the electrically active
fraction of Ho-ions of 20% was obtained for the O
co-doped sample.

Fig. 3 shows a PL spectrum of the O co-doped
sample taken at 12 K. For comparison the PL
spectrum of Er-implanted CZ-8i (2 MeV Er,
2% 10 Erfem?, 2x 10 Ofcm?) is shown. A sharp
PL peak is observed at 1.130 pm in the Ho-im-
planted sample, which is due to a phonon assisted
band to band transition in Si [9]. In addition, a
clear peak is observed at 1.197 pm, which corre-
sponds to the SI¢—°Ig tranmsition of Ho'* [5).
Furthermore, a broad luminescence band is ob-
served for 1>1.2 pm, which is attributed to defects
remaining in the crystal after the implantation and
annealing procedure [9]. The PL decay time of this
background was measured to be <160 ps, as ex-
pected for defect luminescence. Two peaks in the
long wavelength section of the spectrum, at 1.96
and 2.06 pm can be identified. The arrows in the
figure indicate known wavelengths of the transi-
tions between the Stark levels of the °1; level and
those of the °I; level measured in e.g. oxide glasses
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Fig. 3. PL spectrum of the Si:Ho,O sample, measured with a
Ge detector (A<1.6 pm) and with a PbS detector (2> 1.6 um).
Indicated by the arrows arc literature values of the Ho* PL
peaks [5]. The dashed line is a Si:Er,0 spectrum with compa-
rabie Er and O concentrations.
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[5]. They coincide with the measured peaks for the
Ho-doped Si sample.

In Fig. 4, the temperature dependence of the
luminescence at 1.197 pm is shown for both Ho-
doped samples, with and without O. The Ho re-
lated intensity at each temperature was determined
from the PL spectra by subtracting the back-
ground signal determined by interpolation of the
intensities measured at 1.15 and 1.25 pm. As can
be seen, both samples share an identical lumines-
cence quenching behavior. The activation energy
derived from the plot is 11 meV.

A luminescence decay trace measured at 1.197
pm at 12 K for the O co-doped sample is shown as
an inset in Fig. 4. It shows a fast component that is
detector-speed limited and is attributed to the
background defect luminescence, and a slow
component with a lifetime of 14 ms. Lifetimes in
the 1-20 ms range are characteristic for rare earth
ions in a variety of hosts {10). The temperature
dependence of the slow component of the lifetime
was measured up to 25 K and is plotted (solid
squares) in Fig. 4.

4. Ho excitation model

In general, the excitation of rare earth ions in 5t
is thought to occur through a mechanism indicated
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Fig. 4. Temperature dependence of the 1.197 pm PL intensity
for the Si:Ho (triangles) and the Si:Ho, O {open squares)
samples. Indicated with solid squares is the l/e lifetime of the
slow component of the 1.197 pm luminescence of the Si:Ho, O
sample. The inset shows the corresponding decay trace mea-
sured at 12 K.

schematically in Fig. 1. An clectron-hole pair is
trapped (T) at a rare carth related defect level in
the Si bandgap. Subsequently, the rare earth can
be excited (E) by energy transferred through an
impurity Auger process. Quenching processes in
this mode! are energy backtransfer (B} from the
excited rare earth to the defect state, and dissoci-
ation (D) of the ¢lectron hole pair. An additional
quenching process of the Er population that was
recently identified for Si:Er is Auger energy
transfer to free carriers that are then excited higher
in the conduction band [11].

Figz 4 shows comparable luminescence
quenching behavior with and without O while the
carrier concentrations in these samples are very
different (Fig. 2(d)). Note that Si:Er co-doped with
high concentrations of P (with similar free carrier
concentrations as in Fig. 1(d)) does show large
Auger quenching. The difference between Si:Er
and Si:Ho may be caused by a much smaller Au-
ger coefficient or by a very large ionization energy
of Ho, so that no free carriers are created up to
100 K. It is therefore concluded that the observed
PL quenching in Fig. 4 is not due to Auger
quenching to free carriers. This leaves only back-
transfer and dissociation (see Fig. 1) as possible
processes that could be the cause of the observed
PL quenching.

5. Conclusions

Ho implanted crystalline Si layers, (some co-
doped with O) were regrown by solid phase epi-
taxy. Photoluminescence peaks are observed at
1.197, 1.96 and 2.06 um, characteristic of the
5]¢— 31, and the 3I;—°I; transitions of Hot. Up
to 100 K, the 1.197 um luminescence of the Si:Ho
and the Si:Ho,O samples quenches with tempera-
ture with a typical energy of 11 meV. The Ho**
luminescence lifetime at 1.197 pm at 12 K is 14 ms.
An increment of two orders of magnitude in the
free carrier concentration is observed when sam-
ples are co-doped with O. It is concluded that the
observed PL quenching is not caused by Auger
quenching to free electrons, but rather by a
backtransfer or an electron-hole dissociation
process.
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Holmium in amorphous Si:O, N, H

I. Introduction

Recently, it was shown that luminescence of the rare earth element holmium (Ho*) in
Czochralski grown silicon (CZ-Si) can be obtained at the wavelengths 1.197 ym, 1.96 um and
2.05 gm [1]. It is known for another rare earth element (erbium), that a significant increase in
the photoluminescence (PL) intensity with respect to CZ-Si can be obtained by implantation in
an oxygen-rich environment, such as semi-insulating polycrystalline / amorphous silicon
(SIPOS) [2, 3]. This paper reports the first experimental data of Ho® luminescence in SIPOS
and discusses thermal treatment and luminescence quenching.

Il. Experimental

The semi-insulating polycrystalline silicon wafers are nonstoichiometric silicon oxide
fiilms deposited by plasma enhanced chemical vapor deposition on ¢c-Si. These films were
deposited at 250 °C and 900 mTorr with a flowrate of 28 standard cubic centimeter (sccm)
SiH, and 347 sccm N2O. Using a 500 keV van de Graaff accelerator, Ho was implanted to a
total fluence of 6.3x10' Ho/cm?® into a 1.4 um thick SIPOS layer at room temperature.
Rutherford backscattering spectroscopy (RBS) using 2 MeV He' was used to measure the Ho
depth profile and the SIPOS structure.

After implantation, the samples were annealed for 30 minutes in a vacuum furnace
{base pressure 107 mbar) at temperatures of 200 °C, 300 °C or 400 °C. This was done to
maximize the photoluminescence intensity of the Ho*. PL measurements were done using
the 514.4 nm line of an Ar ion laser as a pump beam. The samples were mounted in a closed
cycle helium cryostat, using silver paint to ensure good thermal contact. The PL signal was
focused into a 96 cm monochromator and collected by a liquid nitrogen cooled Ge detector
(wavelength range 0.9 um — 1.8 um) with a resolution of 2 nm. A long-pass filter (cut-off at
1120 nm) was used to remove the reflections of the Ar pump laser. The spectra taken with the
Ge detector were comrected for detector response. The signal was detected using standard
lock-in techniques.

lil. Results and discussion

RBS showed a Gaussian Ho implantation profile that peaked at a depth of 240 nm
and had a full with at haif maximum of 150 nm. From the RBS data the SIPOS was found to
consist of 1.4 ym Si;704NgsHo2 (when the density is assumed to be p=2.12 g/cm®) on a Si
substrate.

Figure 1 shows PL spectra of holmium implanted SIPOS for the different annealing
treatments. The spectra were measured at 12 K using an average laser power of 0.5 mw on
the sample, focused in a laser spot of 1 mm?Z. Two distinct features can be observed in the
spectra shown in figure 2. The first is a broad luminescence band that stretches from the filter
cut-off at 1.12 gm up to ~ 1.4 gm. This luminescence band is most likely caused by the defect
states present in the SIPOS and by luminescence of implantation induced defects. The broad
luminescence band was found to extend to at least a wavelength of 1.0 ym in measurements
without the long-pass filter (not shown). This is explained by noting that the bandgap of

PL intensity (a.u.}

L 3
& * 30 min anneal at 400°C
0.5 x 30 min anneal at 300°C
00 o 30 min anneal at 200°C
i i i L i a

11 1.2 LY
Wavelength {(um)

FIGURE 1: Photoluminescence spectra of SIPOS:Ho annealed for 30 minutes at 200 C
(o), 300 °C (x) and 400 T (). PL intensities may be compared.
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FIGURE 2:Quenching of the Ho related photoluminescence as measured at 1.22 4m. The
inset shows PL spectra (normalized at 1.17 .m) taken at 15, 45 and 100 K.

SIPOS is larger than bandgap of Siat 1.1 um.

The second feature is a luminescence peak at 1.22 um. If this peak corresponds to
the Sls > °lg transition in Ho®*, then a 20 nm (~17 meV) shift of the peak wavelength
compared to CZ-Si has occurred [1]. However, literature shows both the values 1.22 um (in
YAIO; [4]) as well as 1.187 um (in LiYF, [5, 6]) for this transition. This shift might be due to
different Stark splitting in the host materials. When comparing the intensity of the peak at
1.22 pm in SIPOS:Ho with the peak at 1.2 gm in Si:Ho [1] (under identical experimental
conditions and using the linear laser power dependence of the PL intensity at 1.2 um), then it
is noticed that the peak for SIPOS is 45 times stronger. Figure 1 also shows that the strength
of the luminescence peak at 1.22 um has a maximum for the sample annealed at 300 °C.

Figure 2 shows the Ho-related luminescence, derived by estimating the height of the
peak in the PL spectrum. The background was interpolated linearly between 1.16 um and
1.26 um. The inset of figure 2 shows photoluminescence curves measured at 15 K, 45 K and
100 K respectively. For these PL measurements, a 900 nm long-pass filter was used and
therefore the Si bandedge (at 1.13 um) beneath the SIPOS is visible.

Earlier experiments on Si:Ho showed quenching of the Ho-related luminescence
above 20 K [1]. However, from figure 2 it is clear that no significant quenching of the Ho-
related luminescence for T < 40 K is found for SIPOS:Ho. In the case of Er luminescence, a
similar lowering of the luminescence quenching geing from Si to SIPOS is observed [2]. This
is explained by the larger bandgap of SIPOS compared to Si and thus a larger distance from
the °I; level of Ho™ to the conduction band. This Iarger distance results in less coupling to the
conduction band and thus less quenching of the Ho™" luminescence. '

IV. Conclusions and acknowledgments

Implantation of 6.3x10" Ho/em® into SIPOS and subsequent annealing at 200 °C,
300 °C or 400 °C resulted in the first evidence of Ho® luminescence at 1.22 um in SIPOS. A
maximum of the Ho®* related luminescence was found for an anneal temperature of 300 °C.
The background corrected Ho-related luminescence curve at 1.22 um for the sample
annealed at 300 °C showed litle quenching below 50 K. At higher temperatures quenching
was observed. The Ho-related luminescence was found to be 45 times stronger than in Si.

The author would like to thank Mark Brongersma for useful comments.
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Energy transfer in Si:Er p-n diodes

l. Introduction

There exists a large interest in semiconductors doped with rare earth ions because of
the possible applications in opto-electronic devices. Rare earth jons in their trivalent form
have well defined intra 4f energy transitions because the partially filled 4f shell is surrounded
by filled 5s and 5p shells. The energy transfer through the Si:Er system has been the subject
of study for several years and is believed to take place through the energy levels and rates
indicated schematically in figure 1 [1]. Most of the research until today focuses on the
photoluminescence (PL) of Er**, excited through optically or electrically generated carriers in
the Si. Recently, measurements have become available of the reverse process, in which an
electron-hole pair is generated upon the optical excitation of the Er** ion. When the Er” ion is
placed inside a p-n junction, a current can be detected when the structure is illuminated with
1.53 um light. The structure used was a passivated-emitter rear-locally defused (PERL) Si
solar cell, fabricated at the university of New South Wales (Australia). It had a textured
surface to enhance the light-trapping in the cell.

Er** ion
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FIGURE 1: Schematic representation of the Si:Er system. Shown in this figure are the
transfer rates (W) and the populations of the levels (N°).

in the photocurrent generation process, an Er* ion can be optically excited
(population: N°g) using a 1.53 um photon, at a generation rate ge: This excitation can transfer
its energy via a backtransfer process (at a rate Wgr) to form a bound electron-hole pair at an
Er-related defect level (this population is denoted by N'.;). Other energy transfer processes
for an excited Er ion are Auger quenching to a free carrier (W) or decay by emitting a photon
(Wo). An electron-hole pair in the N level can detrap and transfer its energy to the
conduction band (Wenas and population N°) or excite the Er** ion (Wg). Once an electron-hole
pair is at the bandedge, then this electron-hole pair can be detected using a p-n junction in
which the electron-hole pair gets separated and collected (with a collection rate Co) in the
form of a current. Other processes that can occur are the trapping of an exciton at an Er-
related defect level (W and population N*,,), or trapping at a defect level (Waq) not coupled
to Er with a population N'4. At this defect level, an exciton can also be generated optically,
with a generation rate g4 The assumpticn is made that this defect-bound exciton has only
one possible decay path: detrapping to the conduction band (Wq).

Measurements have been performed of the photocurrent and the photoluminescence
intensity at 1.535 um of £r** ions implanted in a p-n junction as a function of temperature. The
experimental data taken from ref. [2] are shown in figure 2. Figure 2a shows the temperature
dependence of the photocurrent under 1.535 um illumination (6 mw, 1.5 cm® spot). The
photocurrent increases over two orders of magnitude as the temperature is increased from 90
K to 300 K. Figure 2b also shows the PL intensity at 1.535 um, measured on the same
sample. The PL intensity decreases weakly with increasing temperature up to 120 K and a
strong temperature quenching is observed above 150 K.
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Note that the photocurrent (I,) scales linearly with the concentration of free electrons
(N*) in the depletion region: L, < N°. Similarly, the photoluminescence intensity (lp,) scales with
the population of excited £r: 1oL < N In this paper, a rate equation model will be presented
that simultaneously describes the temperature dependence of the photocurrent and
photoluminescence data. The impact that several parameters in the rate equation model have
on the behavior of the photocurrent and photoluminescence as a function of temperature will
be shown and discussed.

Il. Model

From the rate constants attributed to all energy transfer processes shown in figure 1,
the four coupled differential equations that describe the Si:Er system in a p-n junction can be
found

Bt N° = Wong Noeh — W N + Wgg N°g —We N = Co N°

3 N'eh = Wate N* = Wong N er, + War N'er — WEN'en

& N'er = We N°e + Ger Ngr - (War + Wo + W) N

B N'a = ga (Na = N"9) = Wg N°g + W N°
where the assumption is made that the fraction of excited Er*" and the population N'e, are
small. Furthermore, the photoluminescence that is measured is assumed to originate from Er
jons located inside the depletion region. This system of equations was solved analytically in
the steady state case (3 N% = 0, Vi) using the symbolic computer aigebra program

Mathematica 3.0.
The generation rate constants are given by

gE(T)r = B oe(T) ¢ and ga=Bogwd
where ¢ denotes the laser flux, o; the cross-section for optical excitation and B the product of
the transmission coefficient for the 1.53 um light into the p-n junction and the number of
internal reflections in the Er-doped Si junction. The collection rate for a 1 um wide depletion
region with an electric field of 10* V/cm is estimated to be Co = 3.3x10'' s™.

The Er optical absorption cross-section is temperature dependent due to the
Boltzmann distribution over the Stark-spiit levels of the Er’* groundstate. By determining the
ratio of the PL peak value at 1.535 um to the integrated photoluminescence spectrum, a
measure for the temperature dependent value for the optical absorption cross section of Er*
has been obtained [2]. This resulted in

0 5, (1) = 0, (B00)em” ] (0.99 +0.71xe" 0015 TIK ]]

The value of the cross section at 300 K was taken to be o/(300 K) = 6x10%° em’ [2].
From the measured photoluminescence lifetime at 15 K (1 ms) a value of Wy = 10° s was
derived. The next section discusses the rate constants used in the model described in this
section and points out the fitting parameters that influence the solutions of the rate equations.

ll.a. Fitting parameters

De-excitation of an excited Er ion can take place via Auger energy transfer to a free
camier (W,). The Auger rate is determined by the concentration of free carriers and a coupling
constant Ca[3], this gives

_ A 2kT
W (T)=C, }/szonNc e

where Ny, is the donor concentration, which is unknown. Therefore Ny, is used as a fitting
parameter. The other parameters are known materials properties: N, is the (temperature
dependent) density of states at the bottom of the conduction band [4] and Ca is the Auger
coefficient, which was recently measured [5). Finally, Eo= 25 meV, the ionization energy the
Er-related donor level in Czochralski-grown Si [9].
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The temperature dependence of the energy backiransfer rate can be written as an
activated process, [3]

_Epr
Wy (T)=W e kT

where Eg; is the backtransfer activation energy which is known to be 135-150 meV [6] and
W is a transfer rate. In this paper, the value Egr = 150 meV is used.

The Er-related exciton trapping and detrapping rates are determined by the trapping
cross-section, the thermal velocity v(T), the density of states and (in the detrapping case) an
activation energy for detrapping to the conduction band

Wen(T) = Gen V(T) No(T) and  Wend(T) = o V(T) N(T) &5'%T
where Eq, = Eggp — Egr — Egr = 150 meV. The defect (de)trapping rates are written similar to
the exciton (dejtrapping rates

W(T) = 04 ¥(T) NAT) and Wa(T) = a4 v N(T) e Ed /KT

with E4 = 10 meV as a typical exciton binding energy {4]. The two cross-sections c.n and oq
could be used as fitting parameters.

The last parameter that is used in the fitting process is the defect density, Ny, which
(in contrast to the Er density Ne,) could not be measured. It is known that there exist types of
defects, for which the active defect concentration is temperature dependent and can be
written as [7]

Nd(T) = Ndo e-EdfchkT

where Ny, and Eeree: are used as fitting parameters. Incorporation of this type of defects in the
mode! is required to explain the observed behavior of the photocurrent as a function of
temperature for two reasons: (1) Photocurrent spectra taken at temperatures < 300 K indicate
that a large fraction of the photocurrent is not related to Er (50 % at 300 K). (2) The
temperature dependence of the photocurrent below 200 K can not be explained by the Er
backtransfer only (given its activation energy of 150 meV).

iL.b. Fitting results

Calculations of the photocurrent (1,) and photoluminescence (lp.) data are shown in
figure 2 (solid line). The parameters that were used to obtain this fit are listed in the left
column of table 1. The right column lists the known material parameters used in the
calculation. For the photocurrent fit, the separate contributions of the defects (1,*™, o) and
of the Er ions (I,®”, x) are shown. Excellent agreement between experimental data and the fit
is obtained, showing that the proposed model can indeed simultaneously describe the
photoluminescence and photocurrent data.

Ngon |3.0x10" cm’® Eer | 150 meV
We |1.6x10°s™ Ca |5x10 cm’s”
oen |8.1x107¢ cm® oe(300) |6x107%° em®
Edetect | 60 MeV Co |3.3x10"'s”
64 Ngo | 5.4x10”" cm’™ w, |10°s”
6eo |> 107 em? ¢ |1.16x10" em?®s™
B |45

Table 1:  Values of the fitting parameters (left} with which the best fitting result was obtained
and of the known material parameters (right). See figure 2 for the associated plots.

The values for the trapping cross-section ., shown in table 1 is comparable to other
experimental data on cross-sections [8]. The values of 64 and Ny are interchangeable and
thus only their product is relevant (as will be discussed in section Ell.d.)a. The product o4 Naa
yields an acceptable order of magnitude for the defect density (10" cm™) if the cross-section
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FIGURE 2: a) Best fit (thick line) of the photocurrent and b) the photoluminescence intensity
data using the model described in the text. Also shown are the separate
contributions of the EP* (x) and the defects (o) for the photocurrent fit. Data
taken from ref [2].

is taken in the order of 107> cm®. The rate constant W is also comparable with the known
literature value [6]). The value found for the donor concentration (Neon = 3x10"* cm™®) is much
lower than the implanted Er density (peak concentration 10”7 em™). This is attributed to the
fact that not all the Er is electrically active and that the carrier density in the depletion region is
very low.

Figure 2a shows a comparison between the calculations and experimental data of the
photocurrent in nA. The scaling factor B (the product of the transmission coefficient and the
number of intemal reflections in the Er-doped Si junction) changes the height of this curve.
Fitting yielded a value of 4.5 for B as shown in table 1 (left). This implies (assuming high
transmission into the p-n junction) that the light will reflect ~5 times inside the junction.

Because there exists a possibility for electron retrapping at either an Er-related defect
level or a defect site, there will be coupling between the N°'g, and the N°; populations.
Therefore L, # 1,7 + 1" but because the collection rate is much larger than the retrapping
rate, the difference is very smaii: {J, - 1, - 1,'®%%) < 10 A

When the parameters that resulted from the fitting procedure are incorporated into the
model, then it is noticed that for all temperatures N'en/Ner < 10 and N°g/Ng < 103, This
shows that up fo the pump power conditions used in this experiment, no saturation is to be
expected, which agrees with the assumption that was made in section Il. Furthermore, a
value of all the rates depicted in figure 1 can now be calculated at every temperature. Table 2
shows values of these rates at 15 K and at 300 K.

Table 2:

18

15K 300K

W 1.0x10° 1.0x10°
Wa 7.5x10° 6.5x10°
War 6.1x10% 4.8x10°
We 1.6x10° 1.6x10°
Wert 5.1x10° 2.3x10°
Wohg 2.8x10™ 8.8x10°
Wy 2.5x10 1.1x10°
Waa 3.2x10° 2.0x10°

Co 3.3x10" 3.3x10"

Rates (s™') of the energy transfer processes at 15 K and 300 K.
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Table 2 shows that at 15 K Wgr = 0 and Weg = 0, which implies that no Er-related
current should be observable. This agrees with the measured photocurrent (figure 2). For high
temperatures (such as 300 K), it is noted that {War, Wend} >> Wo. This implies that at high
temperatures s, = 0 as is cbserved. The fact that at high temperatures {(War, Weng} >> Wa
means that the generation of photocurrent will become the dominant Er’* de-excitation path.

lll. Trends from the model

In section Il.a six parameters that influence the caicuiations were discussed: ceh, Ndan,
W, 64 Nao, Eaerect and Gg. In this section, the effect of these parameters on the solutions of
the model presented in section Il are discussed.

The following plots will show trends in the photoluminescence and the photocurrent
as a function of temperature. In these plots, the population of free electron-hole pairs (N°) as
a function of temperature and the logarithm of the population of excited Er ions (N') as a
function of 1000/T is shown. In all the graphs shown in this section, only one of these
parameters is varied. The others are set to the values obtained in section Il.b. This
presentation of the calculations was chosen because the trends in the calculations are most
clearly visible this way.

lil.a. Electron-hole trapping cross-section

Figure 3 shows the behavior of photocurrent and of the photoluminescence intensity
for different values of o.n,. This parameter describes the coupling between the free electron-
hole population (N°) and the Er-related defect poPuiation (N°e). The values used for this
parameter were 10™® cm? (), 107 em? (x) and 10°™" em? (¢).

Increasing the value of oo, leads to a significant increase of |, and a decrease of lg.
at temperatures higher than 175 K. Both effects are due to the higher electron-hole
detrapping rate (Wen) which scales linearly with o, a faster detrapping rate to the
conduction band for an excited Er** ion (due to the larger cross-section) results in a lower
population N°g, (and a lower lp) and a higher population N* (and a higher I,).

ill.b. Auger quenching and donor density

Figure 4 shows the dependence of the calculations on the donor density that is
included in the Auger rate. The parameter Ny, was varied over seven orders of magnitude.
The values that were used for this parameter were 3x10° cm™ (o), 3x10" cm™ (x) and 7x10'
cm™ (s).

Increasing the value of Ny results in a decrease of | and |,. This is explained by the
fact that an increase in the Auger rate leads to a decrease of the population of excited Er
ions, without the generation of photons or current.

FIGURE 3: Three calculations of the photocurrent (a) and the photoluminescence intensity (b) for

different values of the electron-hole trapping cross-section, o en.
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FIGURE 4: Results of variations of the donor density Na.n on the photocurrent (a) and the
photoluminescence intensity (b) using the model descnibed above.

lil.c. Excitation rate

Figure § shows the behavior of |(T) and of logfle(1000/T)] while changing the
excitation rate We over six orders of magnitude. This rate descnbes the coupling between the
Er level and the Er-related defect ievel. The values 10° s™ (o), 10° 8™ (x) and 10° 7' (+) were
used for this calculation.

Figure 5 shows that for temperatures above 200 K, an increase of We leads to an
increase of |, and a decrease of lp_. This behavior can be explained by realizing that a smailer
value of WE will lower the rate from an excited Er** to the trapped electron-hole state (and
therefore lower L). This means that more excitations result in photoluminescence, leading to
an increase of lpL

lil.d. Density of defects

Flgure 6 shows the behawor of the model curves when the parameter Ny, is changed.
The vaiues 10'2cm™ (), 10" em™ (x) and 10'® em™ (=) were used for Nqo.

At temperatures above 50 K, the increase in the number of (active) defects results in
an increase of |, and does not influence lp.. The increase in |, is due to the {arger number of
active defects, whlch all contribute to the defect-related current The fact that (p, does not
change shows that carriers produced at the defects do not retrap at an Er-related defect level.
Therefore nearly all of the population N* is converted into photocurrent.
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FIGURE 5: Photocurrent (a) and the photoluminescence intensity (b} curves using the model
described above while varying the fitting parameter WE.
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The value of o, was also changed and an identical trend was observed. From this,
the conclusion is drawn that the total number of defects Ny and the electrical absorption
cross-section for defects o4 cannot be fitted separately, because only their product is relevant.
This is explained by the fact that at low temperature all the defects are excited (N*y; = Ng) and
therefore increasing Ny and simuitaneously decreasing o4 by the same factor will not change

any results from the calculations.

lil.e. Activation energy of defects
Figure 7 shows the dependence of the calculation of the photocurrent on the

activation energy of the defects. The values used for this parameter were 10 meV (o), 50
meV (x) and 100 meV (s).

Because of the negligible coupling between the N°; level and the N level, no effect
on the calculation of the photoluminescence intensity was found (not shown). increasing the
activation energy of the defects leads to a decrease of the number of activated defects. Since
at low temperatures (when Wy, is very small) all the activated defects are filled, a decrease of
the number of activated defects will lead to a decrease of the photocurrent.

liLf. Optical cross-section for not Er-related defects
The calculations of the model showed no change in I or I, for reasonable values of
the optical cross-section (> 10 cm?) for photon capture at a defect However, using
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extremely small vales of oy, (~1 o3 cmz) results in a change of the calculated photocurrent
behavior. This is explained through the fact that g4 = 64, ¢. When the optical cross-section is
so small that the generation rate becomes the rate-limiting step (instead of the defect
detrapping rate W) to create current via a defect, then a change in the photocurrent
spectrum will become observable.

IV. Conclusions

The main result from the work described in this paper is that the described model for
the energy transfer works very well. The photocurrent and the photoluminescence intensity
solutions from the modei can be influenced using the parameters We, Naon, ¢ Nap and Egetect.
Within reasonable values of the parameter g4, (> 10'% cmz). no changes in the solutions of the
model were observed at all.

A very good fit of both the photocurrent and the photoluminescence data was
obtained from the model. To obtain this fit, the values Ngn = 3x10" em™®, We = 1.6x10° 8™, g,
= 8.1x107"® em?, 64 Ngo = 5.4x10" em™, 540 > 102 cm?® and Egeees = 60 meV were used.
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Optical and electrical doping of silicon with holmium

J.F. Suyver, P.G. Kik, T. Kimura, and A. Polman
FOM-Institute for Atomic and Molecular Physics
Kruislaan 407, 1098 SJ Amsterdam

The attainment of efficient light emission from silicon is important to achieve
integrated opto-electronic devices in which optical and electrical signal
handling are combined on one Si chip. The rare earth ion holmium is an
interesting dopant in Si as it has an optical transition at 1.18 pm, close to the
bandgap of Si. At this wavelength the absorption depth of Si is small enough
for light to propagate over an appreciable length in a Si-based waveguide. As
the holmium transition energy is less than the Si bandgap energy, holmium
ions in Si may be excited electrically.

Holmium ions were implanted at room temperature in Czochralski-

grown Si(100) at 500 keV (5x10™ ions/cm?) or 2 MeV (1.2x10" ionslcmz?.
Some samples were co-implanted with oxygen at a dose of 5x10'® or 5x10'
ions/em?. Annealing at 490 °C and 600 °C causes recrystallizion of the
amorphized surface layer, as shown by Rutherford backscattering
spectroscopy.
Photoluminescence spectroscopy at 13 K using an Ar* pump laser at 514.4
nm shows a clear peak around 1.18 pm, which may be attributed to the °l5
5% transition in Ho*. The transition shows a lifetime as long as 15 ms,
characteristic for a rare earth ion. Increasing the sample temperature to 100
K, a quenching of the luminescence intensity with characteristic activation
energy of 25 meV is observed. Spreading resistance measurements were
performed to determine the carrier depth profiles in these samples. It is found
that O co-doping leads to a three orders of magnitude enhancement of the
fraction of electrically active Ho ions.
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Optical and electrical doping of silicon with holmium

J.F. Suyver, P.G. Kik, T. Kimura and A. Poiman
FOM:-institute for Atomic and Molecular Physics
Amsterdam, The Netherlands
G. Franz6 and S. Coffa
CNR-IMETEM, Catania, Italy

The attainment of efficient light emission from silicon is important to achieve
integrated opto-electronic devices in which optical and electrical signal
handling are combined on one Si chip. The rare earth ion holmium is an
interesting dopant in Si as it has an optical transition at 1.19 um, close to the
bandgap of Si. At this wavelength the absorption depth in Si is large enough
for light to propagate over an appreciable length in a Si-based waveguide. As
this holmium transition energy is less than the Si bandgap energy, holmium
ions in Si may be excited electrically.

Holmium ions were implanted at room temperature in Czochralski-
grown Si(100) at 500 keV (5x10' ionsfem?) or 2 MeV (1.2x10'° ions/cm?
Some samples were co-implanted with oxygen at doses of 5x10'° or 1x10
ions/cm?. The amorphized Ho-doped layers were recrystallized by solid phase
epitaxy at 600 °C. Spreading resistance measurements suggest that O co-
doping increases the donor activity of holmium by three orders of magnitude.

The photoluminescence spectrum measured at 13 K using excitation at
514.4 nm shows a clear peak around 1.19 um, which may be attributed to the
51s =°lg transition in Ho®". The transition shows a lifetime as long as 15 ms,
characteristic for rare earth luminescence. Increasing the temperature to 100
K, a quenching of the luminescence intensity with a characteristic activation
energy of 9 meV is observed. A model will be presented that describes the
luminescence behavior.
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J.F._Suyver?, P.G. Kik®, T. Kimura®, G. Franz6®, S. Coffa® and A. Polman?®

a FOM-Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 87 Amsterdam
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Introduction

Optical signal transmission is becaming more important, because of its
large bandwidth. Applications such as on-chip timing signals require
integration of opticat and electrical components on a single chip.

To obtain high transmission of a signal through a crystalline Si chip,
the photon energy has fo be less than the Si bandgap (b, > 1.13 pm).

The rare earth ian halmium {Ho?*) could serve as a light source:
it has optical transition at 1.197, 1.96, 2.06 pm.

Sample preparation
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implanted in n-type, P-doped CZ-Si.
RBS shows a Gaussian Ho peak at
700 rim and FWHM of 300 nm.

b) SPE at 600 °C to recrystallize.
Ho segregation to the surface is
observed.
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Wavelength (pum)
w has na absarption near 514.4 nm = Electrical excitation of HOJ

Luminescence decay
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Lurminescence decay at
1.197 um is composed of a
fast component (attributed to
defect background) and a
slow component (attributed to
Ho?* 515 - 31, transition).

Rare earth ion: 4f elecirons
shieided by 5s and 5p
electrons =» long lifetime

Si band edge lifetime
{blue) is detector speed
limited.
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/ Carrier concentration \
P pes poskion for RES Free cafmers may quench

1x10" T— — luminescence.

Free carrier congentration
measuted by spreading
resistance analysis =

1x1n"’}

1:10"§

15107y 1} Ho is donor in CZ-Si.

2) O co-doping enhances
free carrier concentration
by twa orders of

magnitude, ~20% of all
Ho is electrically active.

Ho excitation model

1x10"

Carrler concentration (fern)

a9

Depth {um)

f

Cemparable PL quenching behavior with, and without ©, while the carrier

cancentrations in the samples are quite differert =
PL gquenching is not due to Auger quenching to free carriers.
This feaves only two processes that could be the cause of the obsenved PL
quenching: backiransfer and glatron-hole pair dissqciation.
There is a big
Si Ho¥" difference
/222;2222222222& between PL
ag, STTETTTTT R — _— Juendhing in
SEEr and SiEr,Q
- ; Z Iy No big difference
between SiHo
) and SiiHo,C =
LY = P — Different Auger
VPP PN IA > coefficient o
higher Ho
jonization energy.
Conclusions

* Ho incorporated in Si by ion implantation. Segregation during SPE is
suppressed by O co-doping.

« Luminescence observed at A=1.197, 1.97 and 2.05 pm; attributed to Ho™,
« Lifetime approximately 14 ms: typical for rare earth luminescence.

» Quenching of the luminescence with an activation energy of 11 meV.

= Data can be described by: backtransfer or electron-hole pair dissociation.







