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Design and Performance of an Erbium-Doped Silicon
Waveguide Detector Operating at 1.5�m

P. G. Kik, A. Polman, S. Libertino, and S. Coffa

Abstract—A new concept for an infrared waveguide detector
based on silicon is introduced. It is fabricated using silicon-on-in-
sulator material, and consists of an erbium-doped p–n junction lo-
cated in the core of a silicon ridge waveguide. The detection scheme
relies on the optical absorption of 1.5- m light by Er 3+ ions in
the waveguide core, followed by electron–hole pair generation by
the excited Er and subsequent carrier separation by the electric
field of the p–n junction. By performing optical mode calculations
and including realistic doping profiles, we show that an external
quantum efficiency of 10 3 can be achieved in a 4-cm-long wave-
guide detector fabricated using standard silicon processing. It is
found that the quantum efficiency of the detector is mainly limited
by free carrier absorption in the waveguide core, and may be fur-
ther enhanced by optimizing the electrical doping profiles. Prelim-
inary photocurrent measurements on an erbium-doped Si wave-
guide detector at room temperature show a clear erbium related
photocurrent at 1.5 m.

Index Terms—Erbium, infrared detectors, integrated optoelec-
tronics, semiconductor junctions, silicon, waveguides.

I. INTRODUCTION

SILICON is an ideal material for the fabrication of optical
waveguides that are compatible with optical telecommuni-

cation technology at 1.5m, because of its high transparency
and high refractive index at this wavelength. The high trans-
parency is due to the large mismatch between the 1.5-m photon
energy (0.8 eV) and the silicon bandgap energy (1.1 eV at room
temperature). At the same time, the energy mismatch also ex-
cludes the fabrication of all-silicon active waveguide devices
such as detectors and emitters operating at 1.5m. This problem
may be solved by doping the silicon with small amounts of opti-
cally active erbium (Er) ions. In silicon, the rare earth ion Er
can be electrically excited and can subsequently emit 1.5-m
light due to an electronic transition in its incompletely filled
shell. Er-doped light-emitting diodes in Si operating at 1.5m
have been made, with a quantum efficiency of up to 10at
room temperature [1]–[3]. Recently, we have found that the re-
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Fig. 1. Energy transfer processes in Er-doped silicon waveguide detector. An
incoming photon excites and Er ion from the ground state into the first excited
manifold. The excited Er ion decays by the creation of a exciton bound at the
Er related defect site in Si. This exciton in turn can dissociate resulting in the
generation of a free electron–hole pair. In a p–n junction geometry the carriers
can be collected, leading to a net photocurrent at 1.534�m.

verse process can also take place: an Er-doped Si p–n junction
can generate a photocurrent when illuminated with 1.5-m light
[4]. This effect allows for the fabrication of a silicon photode-
tector that is sensitive at 1.5m.

Fig. 1 shows a schematic of this energy transfer mechanism.
The Er related photoresponse at 1.5m is due to optical ab-
sorption within the Er shell, followed by an interaction be-
tween the Er ion and the Si matrix. When Er in Si is optically
excited from the ground state into the first excited manifold, it
can de-excite and generate a localized electron–hole (e–h) pair
trapped at the Er related defect site in Si [5]. This exciton can
then dissociate, leading to the formation of free carriers. If this
thermal upconversion process occurs near the depletion region
of a p–n junction, the generated carriers produce a photocurrent.
As was shown previously using a planar Er-doped p–n junc-
tion geometry [4], excited Er can generate electron–hole pairs
with an efficiency as high as 70% at room temperature. How-
ever, due to the small optical absorption cross section of the
Er ions and the limited width of the depletion region, the frac-
tion of the light that is absorbed at normal incidence on such
a p–n junction is very small (10 ). To improve the absorp-
tion efficiency, a high Er concentration and a large interaction
length are required. The maximum concentration of Er soluble
in Czochralski grown silicon [6] is 10 cm . It can be fur-
ther enhanced by co-doping with impurities such as oxygen
[7], [8]. The interaction length of the light with the Er-doped
junction can be increased by using a planar waveguide geom-
etry, in which the p–n junction extends over the full length of

0733-8724/02$17.00 © 2002 IEEE



KIK et al.: ERBIUM-DOPED SILICON WAVEGUIDE DETECTOR OPERATING AT 1.5m 863

Fig. 2. (a) Schematic cross section of an Er-doped waveguide detector in Si. (b) Three-dimensional perspective view of the detector, also showing thelayout of
the metal contact strips (dark gray).

the waveguide. In this paper, we will describe the parameters
that determine the performance of such a waveguide detector,
and calculate the quantum efficiency that can be achieved. Fi-
nally, preliminary measurements of the photoresponse of such
an Er-doped Si p–n junction waveguide detector are presented.

II. DEVICE LAYOUT

Fig. 2(a) shows a schematic cross section of the proposed
waveguide detector structure. A three-dimensional perspective
is shown in Fig. 2(b). The device is based on commercially
available silicon-on-insulator (SOI) material, consisting of a
thin crystalline Si top layer separated from the Si substrate
by a SiO layer. In this material, light can be confined in the
high refractive index Si top layer ( ) by total internal
reflection at the interface with air ( ) and with the SiO
layer ( ), provided that the SiOis sufficiently thick
to avoid coupling to the Si substrate. Lateral confinement is
achieved by etching a ridge structure in the Si top layer [see
Fig. 2(a)]. As an example, a ridge width of 10m and an
etch depth of 2 m are chosen, ensuring good optical mode
confinement. The center of the waveguide is doped with Er. A
p–n junction is formed near the waveguide center by means of
a shallow boron implant into the n-type (lightly P doped) Si
substrate layer. This also generates the pregion required for
good electrical contact. The n(highly P doped) side contacts
are located 10 m away from the waveguide core. Electrical
contact is made via metal stripe contacts running over the n
ridge and p side contact regions, as indicated in Fig. 2(b).

III. CONTRIBUTIONS TO THEEXTERNAL QUANTUM EFFICIENCY

The external quantum efficiency of the detector structure
shown in Fig. 2 is determined by the fraction of the incoming
light that is absorbed by the Er, and the conversion efficiency of

excited Er to free e–h pairs , which in [4] was determined to
be 70% at room temperature. This gives

(1)

with (cm ) the absorption coefficient due to optical ab-
sorption at 1.5 m by Er, (cm ) the total waveguide loss
including absorption and scattering, and(cm) the waveguide
length. For a sufficiently long detector, is dominated by

, the ratio of the absorption by Er and the total wave-
guide loss.

Apart from the absorption loss, the waveguide loss also
contains scattering loss. It has been shown that a scattering loss
below 0.5 dB/cm at 1.5m can be achieved in SOI waveguides
[9]. Optical losses were measured on waveguides made on the
same substrate as the detector structures, but without the highly
doped layers and metal contacts; they amount to 1 dB/cm. In
the quantum efficiency calculations, waveguide loss will be ne-
glected. The remaining loss contributions in the waveguide de-
tector are optical absorption by the Er ions, absorption by free
carriers, and absorption by the metal contacts.

A. Absorption by the Metal Contacts

The presence of a contact on top of the ridge waveguide is re-
quired for current collection, but introduces strong absorption.
For example, the absorption coefficient of aluminum at 1.5m
is 1.3 10 cm [10] which, in the geometry of Fig. 2, with a
metal over the full length of the ridge, would cause the guided
1.5- m light to be absorbed within 100m. In order to reduce
this effect, first of all, the metal length could be optimized. De-
pending on the series resistance, and for small photocurrent, the
n layer itself could act as the main current conducting path,
and only small sized metals pads would be required to collect
the current from the device. To further reduce absorption by the
top metal contact, the light intensity near the top of the ridge
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should be reduced. This can be achieved by lowering the ef-
fective index just below the top contact, e.g., by performing an
additional etch to narrow the top region of the waveguide core,
or by partial oxidation of the ridge below the metal contact. Ide-
ally, a thick oxide between metal and Si waveguide would solve
the coupling problem, but at the same time it deteriorates the
electrical performance. Alternatively, a transparent conductive
layer, e.g., indium–tin–oxide optimized for 1.5-m transmis-
sion, may be used as a buffer layer between the metal contact
and the waveguide core. Since absorption by the top contact is
not intrinsic to the detection scheme, it is not included in the
following quantum efficiency calculations.

B. Optical Absorption by Er

The magnitude of the Er related optical absorption in the
waveguide detector structure is given by

with cm the optical absorption cross
section of Er at 1.5 m as determined in [4], (cm )
the Er peak concentration, and the effective overlap of the
Er concentration profile with the intensity distribution in the
waveguide core. To optimize the mode overlap, the Er should
be located near the center of the waveguide. The optimum Er
concentration will be discussed in Section VI.

C. Free Carrier Absorption

Free electrons and holes in silicon can be excited higher in
their respective bands by absorption of sub-bandgap radiation.
This free carrier absorption occurs inside the waveguide core
due to three sources of electrical carriers: free electrons from the
n-type Si waveguide layer ( ), free holes in the p top contact
( ), and Er related free electrons in the center of the wave-
guide ( ) which are present due to the donor character of Er
[11]. The cross sections for optical absorption by free electrons
and holes are 9.5 10 cm and 6.4 10 cm , respec-
tively [12]. Note that these cross sections are two orders of mag-
nitude larger than the cross section for optical absorption by Er.
Consequently, for optimum detector performance the overlap of
the intensity profile with the highly doped pcontact should be
kept as small as possible.

IV. NUMERICAL CALCULATIONS

Calculations of the detector performance were made for the
detector layout shown in Fig. 2. In the calculations, a 70-keV
boron implant to a fluence of 10 cm was used for the p
top contact formation, and the n-type background doping was
taken to be 2 10 cm (corresponding to a resistivity of
2 cm). The Er implantation energy was chosen such that the
Er was placed in the center of the waveguide core (5 MeV) and
the Er fluence was 10 cm . This fluence is sufficiently low
to prevent amorphization of the Si, avoiding Er segregation [8]
during the thermal annealing that is required to activate the Er.

Fig. 3(a) shows the resulting free carrier distributions and the
Er distribution as a function of y-position in the waveguide core,
with m corresponding to the Si–SiOinterface and

m corresponding to the top of the ridge. Indicated are
the hole distribution in the p contact ( ), the Er concentration
profile ( ), the Er induced electron concentration (), which is

Fig. 3. (a) Concentration depth profiles atx = 0 (center of the ridge) for
boron (.), erbium (�), and the Er induced free carrier (electron) concentration
(�), for the device layout in Fig. 1. Then-type substrate doping is indicated
by the dotted line, and the calculated TE(0,0) mode intensity for� = 1:5 �m
is indicated by the solid line. The light gray region represents the waveguide
core, and the dark gray region represents the depletion region formed at the
p–n junction. In this region, free carrier absorption is strongly reduced. (b)
Local absorption coefficient for each of the individual curves in (a), obtained by
multiplying the curves in (a) with the corresponding absorption cross sections,
as listed in Table I.

taken to be 10% of the Er concentration assuming 10% electrical
activation [11], and the n-type background doping (dotted line).
The depletion region induced by these doping profiles extends
from to m as indicated by the dark gray area,
and contains approximately 30% of the implanted Er.

The requirement of low intensity in the pregion and high
intensity at the Er-doped center of the waveguide core is op-
timally fulfilled by zeroth-order optical modes. Higher order
modes would experience larger absorption. The intensity dis-
tributions of the zeroth-order transverse electric mode TE(0,0)
and the zeroth-order transverse magnetic mode TM(0,0) at 1.5

m were calculated using a finite difference method. The cal-
culated TE(0,0) intensity distribution at is included in
Fig. 3(a) (solid line). Due to the large core size, almost all power
is confined within the Si core. The TM(0,0) mode has an almost
identical intensity distribution, with a slightly lower intensity at
the top and bottom interfaces.

In order to compare the magnitude of the different absorption
contributions to the total absorption, we have multiplied the con-
centrations in Fig. 3(a) by the corresponding absorption cross
sections (see Table I). These data are shown in Fig. 3(b), using
the same symbols as in Fig. 3(a). This plot clearly shows that
in the present geometry optical absorption by Er is only a small
contribution to the total absorption. However, since the interac-
tion between the separate doping profiles generates a depletion
region, in part of the waveguide the optical absorption by Er will
dominate. The total detector response will thus be determined by
absorption in this region, relative to the free carrier absorption
losses outside this region.

In order to estimate the absorption of zeroth-order modes, we
have determined the overlapof the normalized optical modes
with the peak-normalized dopant distributions. In the case of
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TABLE I
OPTICAL ABSORPTIONCROSSSECTIONS AND PEAK CONCENTRATIONSUSED IN THE QUANTUM EFFICIENCY CALCULATIONS, AS WELL

AS THE CALCULATED MODE OVERLAP AND ABSORPTIONCOEFFICIENTS

free carrier absorption, we have taken into account the absence
of free carriers in the depletion region of the (unbiased) p–n
junction. These data, listed in Table I, together with the known
peak concentrations of the distributions and the relevant
cross sections give the separate contributions to the total ab-
sorption according to . The results are sum-
marized in Table I. The main contribution to the absorption is
found to be free carrier absorption by holes in the top contact
[ cm and cm for the TE(0,0) and
TM(0,0) modes, respectively], even though the mode overlap
with these carriers is only 4%–5%.

From the results in Table I, we find that the total waveguide
absorption of the detector structure shown in Fig. 1 is

cm and cm for the TE(0,0) and TM(0,0)
modes, respectively. This implies that more than 90% of the
guided light is absorbed in a 4-cm-long waveguide. The fraction
of the TE and TM modes absorbed by the Er is 1.510
and 1.8 10 , respectively. Together with the known of
70%, and assuming an electron–hole collection efficiency of 1,
we find an external quantum efficiency of 10for a 4-cm-long
waveguide detector. This is three orders of magnitude higher
than what was measured previously in a planar Er-doped p–n
junctions illuminated at normal incidence [4], which is due to
the strongly increased interaction length that can be achieved in
a waveguide geometry.

V. PRELIMINARY MEASUREMENTS

An Er-doped Si p–n junction waveguide detector was fabri-
cated according to the layout in Fig. 2, using a 3-MeV Er implant
to a fluence of 10 cm , a 40-keV B implant to a fluence of
10 cm , and a total waveguide length of 5 mm. These con-
ditions, though somewhat different from those used in the sim-
ulations, were identical to those used in the planar p–n junction
experiments described in [4]. Fig. 4 shows the current–voltage
( – ) characteristic of the detector. The detector exhibits an
open circuit voltage of 0.7 V, and the ideality factor is 1.33. The
saturation current calculated from a fit of the forward bias data
is 42 5 A/cm , while the measured dark current at1 V
equals 630 A/cm . This indicates there is significant leakage
across the junction. Photocurrent measurements at room tem-
perature were performed by coupling the output of a tunable
diode laser ( 1.51–1.57 m) into the detector waveguide,
using a single-mode tapered fiber. The laser signal was mechan-
ically chopped at 267 Hz and the photocurrent was measured
using lock-in detection. The collected current was converted
to external quantum efficiency by dividing the collected

Fig. 4. Current–voltage characteristic of an Er-doped waveguide detector
fabricated in silicon-on-insulator material using standard silicon processing
technology.

Fig. 5. Photoresponse of an Er-doped waveguide detector fabricated in
silicon-on-insulator material using standard silicon processing technology,
showing an Er related photocurrent at 1.54�m.

photocurrent by the 1.5-m photon flux in the input fiber mea-
sured using a calibrated detector. Hence, also includes the
fiber-to-waveguide coupling efficiency. From measurements on
similar waveguides, a coupling loss of 7 dB was found.

Fig. 5 shows the thus obtained as a function of wave-
length, measured at a forward bias of 0.4 V. The spectrum shows
a peak centered around 1.535 nm superimposed on a rather con-
stant signal. The peak is attributed to the main
absorption transition in Er . The background is due to a broad
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range of absorption transitions within the Er Stark manifolds
(see e.g., [13]), as well as photocurrent attributed to optical
transitions related to implantation damage in the p–n junction.
Given the known shape of the Er absorption spectrum and the
spectral shape in Fig. 5, it can be concluded that both these com-
ponents are roughly equal in strength. The Er related photocur-
rent was found to be roughly independent of the bias conditions,
while the defect background current increased by a factor of 14
upon increasing the reverse bias from 0 to 5 V. This increase
may be related to the spatial distribution of the Er induced im-
plantation damage, which is expected to be mostly located at the
end-of-range of the Er implantation profile: as the reverse bias
is increased the depletion region reaches the defect rich region,
possibly leading to a large defect related current. Note that the
defect related current generation mechanism could also be con-
sidered as a candidate for a Si-based infrared detector.

The observed external quantum efficiency 1 10
is much lower than the value calculated in Section IV, which
is attributed to the strong absorption of the aluminum top con-
tact. The absorption of the TE(0,0) mode by the top contact is
estimated to be cm using the calculated mode
overlap of 9 10 and the absorption coefficient of bulk alu-
minum. Taking this absorption into account, the maximum
that can be obtained in the present detector design is 710 ,
which is somewhat higher than observed. Most of this differ-
ence can be directly related to coupling losses.

VI. DEVICE OPTIMIZATION

The previous sections clearly demonstrated the viability of an
Er-doped silicon infrared waveguide detector, both theoretically
and experimentally. Several design improvements can be imple-
mented. First, the free carrier absorption could be reduced by
reducing the electrical doping levels. The minimum carrier con-
centration that can be used is determined by the field required
for efficient charge separation. This sets a limit to the doping
levels on either side of the Er-doped core region.

Second, the detector efficiency may be enhanced by in-
creasing the amount of Er in the waveguide core. This, however,
also has a number of undesired consequences. First, because
of the donor character of Er, the absorption by Er induced
electrons increases. As can be seen from Table I, increasing
the Er concentration by a factor of 10 generates an Er related
free carrier absorption with a magnitude similar to , which
significantly influences the quantum efficiency. Incorporation
of large concentrations of erbium may also introduce undesired
crystal damage [7], which increases the carrier recombination
rate and reduces the collection efficiency.

The combination of a good crystal quality and a high Er con-
centration has only been achieved by the use of oxygen co-
doping and high temperature anneals [7]. Unfortunately, these
are also the conditions that lead to a high Er donor activity (up to
80%) [7]. Consequently, further experiments are required to find
the appropriate impurity co-doping and annealing conditions for
optimum detector performance. Note that most studies of the
incorporation of Er in Si have focused on optimizing the Er lu-
minescence intensity and reducing the thermal quenching of the

intensity. The thus obtained “optimized” processing conditions
may be nonideal for the desired current generation process.

The proposed detector length of 4 cm may be impractical for
integration within optoelectronic integrated circuits. However,
due to the high refractive index of silicon, it is possible to create
low-loss waveguide bends with a bending radius on the order of
1 m [14]. This makes it possible to “roll up” a 4-cm-long wave-
guide spiral to an area of 2 mm(assuming 40-m waveguide
spacing). Another issue related to the device dimensions is the
junction capacitance. The junction area of the 4-cm-long wave-
guide, given by the product of the ridge width and the waveguide
length, is 0.4 mm. The capacitance associated with such a large
p–n junction limits the detector response time. This problem
may be solved by “photon recycling,” i.e., by designing a wave-
guide structure in which light makes multiple passes through a
smaller p–n junction. A simple design could involve a Bragg re-
flector at the waveguide end which reflects remaining 1.5-m
light back into the detector, reducing the required waveguide
length by a factor of 2. More sophisticated designs may include
microring resonators and waveguide microcavities [15]. Even-
tually, the optimum detector response time will be determined
by the rate limiting step in the energy transfer process from Er
to the Si electronic system, which in [4] was determined to be
2 10 s . Detectors with such a response time could, e.g.,
find applications in all-optical interconnects used to electrically
isolate the driver circuits from Si-based high-power diodes and
transistors, which typically operate at frequencies of 10 kHz.

VII. CONCLUSION

A new concept of an Er-doped silicon infrared waveguide
detector is introduced. It consists of a silicon ridge waveguide
containing an Er-doped p–n junction along the waveguide
length. The detection scheme is based on an energy conversion
scheme in which the excitation energy of optically excited Er is
transferred to the Si electronic system, inducing a photocurrent
under 1.5- m illumination. From optical mode calculations, it
is concluded that an external quantum efficiency of 10can
be achieved in a 4-cm-long waveguide structure. It is shown
that free carrier absorption is an intrinsic limiting factor for
the external quantum efficiency. Optimization of the detector
design should therefore focus on obtaining optimum overlap of
the Er doping profile with the depletion region and minimum
overlap of the optical modes with free carriers in the waveguide.
Preliminary measurements on an Er-doped waveguide detector
in silicon indeed show an Er related photocurrent at 1.5m.
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