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Abstract—A new concept for an infrared waveguide detector Si Er'
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 1.5xm light by Er 3+ ions in Ee &
the waveguide core, followed by electron—hole pair generation by
the excited Er and subsequent carrier separation by the electric e
field of the p—n junction. By performing optical mode calculations T
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- E. O
inary photocurrent measurements on an erbium-doped Si wave-
guide detector at room temperature show a clear erbium related
photocurrent at 1.5 gm.
Index Terms—Erbium, infrared detectors, integrated optoelec- Fig- 1. Enﬁfgy transfer DFO(;:?ESS_eS ifn Er-dhoped sili(c:jon Wa\(eguirc]ie fc_ietecto_r. A(\jn
H H H H ili H incoming photon excites an r ion from the ground state into the first excite
tronics, semiconductor junctions, silicon, waveguides. 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
. INTRODUCTION can be collected, leading to a net photocurrent at 1584
ILICON is an ideal material for the fabrication of optical ) _ )
aveguides that are compatible with optical telecommurif€rse process can also take place: an Er-doped Si p—n junction
cation technology at 1.5m, because of its high transparencgan generate a photocurrent when illuminated withyinshght
and high refractive index at this wavelength. The high trankt]- This effect allows for the fabrication of a silicon photode-
parency is due to the large mismatch between the:imhoton tector that is sensitive at 1/gm. _
energy (0.8 eV) and the silicon bandgap energy (1.1 eV at roonfig: 1 shows a schematic of this energy transfer mechanism.
temperature). At the same time, the energy mismatch also dX€ Er related photoresponse at L& is due to optical ab-
cludes the fabrication of all-silicon active waveguide deviced®rption within the E# f shell, followed by an interaction be-
SUCh as detectors and emitters operating a«thThIS prob|em tween the Er ion and the S| matrix. When Erin S| IS Op“Ca”y
may be solved by dop|ng the silicon with small amounts of Optﬁxcited from the ground state into the first excited manifold, it
cally active erbium (Er) ions. In silicon, the rare earth iofEr can de-excite and generate a localized electron—hole (e-h) pair
can be electrically excited and can subsequently emi.in5- trapped at the Er related defect site in Si [S]. This exciton can
light due to an electronic transition in its incompletely filleg then dissociate, Iegdlng to the formation of free carriers. If th|_s
shell. Er-doped light-emitting diodes in Si operating at A6 thermal upconversion process occurs near the depletion region
have been made, with a quantum efficiency of up toe@t ©f @ p—njunction, the generated carriers produce a photocurrent.
room temperature [1]-[3]. Recently, we have found that the r&S 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-
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Fig. 2. (a) Schematic cross section of an Er-doped waveguide detector in Si. (b) Three-dimensional perspective view of the detector, also Eyowingf the
the metal contact strips (dark gray).

the waveguide. In this paper, we will describe the parametexscited Er to free e—h pairg,, which in [4] was determined to
that determine the performance of such a waveguide detecti,70% at room temperature. This gives
and calculate the quantum efficiency that can be achieved. Fi- o
nally, preliminary measurements of the photoresponse of such Text = (1 - G_QWGXL) —E % Mint (1)
an Er-doped Si p—n junction waveguide detector are presented.
with ag,: (cm™1) the absorption coefficient due to optical ab-
sorption at 1.5:m by Er,awg (cm™!) the total waveguide loss
including absorption and scattering, ahdcm) the waveguide

Fig. 2(a) shows a schematic cross section of the propodedgth. For a sufficiently long detectoy..; is dominated by
waveguide detector structure. A three-dimensional perspective: /awa, the ratio of the absorption by Er and the total wave-
is shown in Fig. 2(b). The device is based on commercialfyuide loss.
available silicon-on-insulator (SOI) material, consisting of a Apart from the absorption loss, the waveguide lags; also
thin crystalline Si top layer separated from the Si substratentains scattering loss. It has been shown that a scattering loss
by a SiG layer. In this material, light can be confined in théelow 0.5 dB/cm at 1..xm can be achieved in SOl waveguides
high refractive index Si top layem(= 3.5) by total internal [9]. Optical losses were measured on waveguides made on the
reflection at the interface with ain(= 1.0) and with the Si@ same substrate as the detector structures, but without the highly
layer (2 = 1.44), provided that the SiQis sufficiently thick doped layers and metal contacts; they amount to 1 dB/cm. In
to avoid coupling to the Si substrate. Lateral confinement e quantum efficiency calculations, waveguide loss will be ne-
achieved by etching a ridge structure in the Si top layer [sgtected. The remaining loss contributions in the waveguide de-
Fig. 2(a)]. As an example, a ridge width of 10m and an tector are optical absorption by the Er ions, absorption by free
etch depth of 2um are chosen, ensuring good optical modearriers, and absorption by the metal contacts.
confinement. The center of the waveguide is doped with Er. A
p—n junction is formed near the waveguide center by means/f Absorption by the Metal Contacts

a shallow boron implant into the n-type (lightly P doped) Si The presence of a contact on top of the ridge waveguide is re-
substrate layer. This also generates therggion required for quired for current collection, but introduces strong absorption.
good electrical contact. The(highly P doped) side contactsFor example, the absorption coefficient of aluminum at/in®
are located 1Qum away from the waveguide core. Electricals 1.3x 10° cm=* [10] which, in the geometry of Fig. 2, with a
contact is made via metal stripe contacts running over the fnetal over the full length of the ridge, would cause the guided
ridge and p side contact regions, as indicated in Fig. 2(b).  1.5,,m light to be absorbed within 10@m. 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
nt layer itself could act as the main current conducting path,
The external quantum efficieney,; of the detector structure and only small sized metals pads would be required to collect
shown in Fig. 2 is determined by the fraction of the incominthe current from the device. To further reduce absorption by the
light that is absorbed by the Er, and the conversion efficiency twp metal contact, the light intensity near the top of the ridge

Il. DEVICE LAYOUT

[ll. CONTRIBUTIONS TO THEEXTERNAL QUANTUM EFFICIENCY
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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, 3
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;Bn transmis-
sion, may be used as a buffer layer between the metal contac'
and the waveguide core. Since absorption by the top contact isa
not intrinsic to the detection scheme, it is not included in the
following quantum efficiency calculations.
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The magnitude of the Er related optical absorption in the
waveguide detector structure is givenddy, = og: X Ck:r, peak
. = " %0 ! -
X FE_T with o, = 1.8% 10 Cm2,the O_ptlcal absorption E;OSS Fig. 3. (a) Concentration depth profilesat= 0 (center of the ridge) for
section of Er at 1.%m as determined in [4[0E:, peak (CM™)  boron ¢), erbium @), and the Er induced free carrier (electron) concentration
the Er peak concentration, afig, the effective overlap of the (o), for the device layout in Fig. 1. The-type substrate doping is indicated

: ) ; ; : ot : ; y the dotted line, and the calculated TE(0,0) mode intensitpfer 1.5 um
Er concentration profile with the intensity distribution in th s indicated by the solid line. The light gray region represents the waveguide

waveguide core. To optimize the mode overlap, the Er showgle, and the dark gray region represents the depletion region formed at the
be located near the center of the waveguide. The optimum [Er junction. In this region, free carrier absorption is strongly reduced. (b)

; ; ; ; ; Local absorption coefficient for each of the individual curves in (a), obtained by
concentration will be discussed in Section V. multiplying the curves in (a) with the corresponding absorption cross sections,
as listed in Table I.

C. Free Carrier Absorption

Free electrons and holes in silicon can be excited higheriityen, to be 10% of the Er concentration assuming 10% electrical
their respective bands by absorption of sub-bandgap radiatigptiyation [11], and the n-type background doping (dotted line).

This free carrier absorption occurs i.nside the waveguide coffe depletion region induced by these doping profiles extends
due to three sources of electrical carriers: free electrons from y = 1.7toy = 2.1 um as indicated by the dark gray area

n-type Siwaveguide layen(,), free hol_es in the p top contact and contains approximately 30% of the implanted Er.
(ap+), and Er related free electrons in the center of the wave-1,o requirement of low intensity in thetpregion and high

guide (v, ) which are present due to the donor character of bfiansity at the Er-doped center of the waveguide core is op-
[11]. The cross sect|onlsgfor optical absorpuczg by free electrops, iy fulfiled by zeroth-order optical modes. Higher order

and holes are 9.5 107 cn* and 6.4x 10~*% e, respec- 1, qes would experience larger absorption. The intensity dis-
tively [12]. Note that these cross sections are two orders of Maglp, tigns of the zeroth-order transverse electric mode TE(0,0)

nitude larger than the_cross section for optical absorption by Ehd the zeroth-order transverse magnetic mode TM(0,0) at 1.5
Consequently, for optimum detector performance the overlap gf, \yere calculated using a finite difference method. The cal-

the intensity profile with the highly doped'pcontact should be ¢ ;jateq TE(0,0) intensity distribution at = 0 is included in

kept as small as possible. 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
IV.- NUMERICAL CALCULATIONS identical intensity distribution, with a slightly lower intensity at
Calculations of the detector performance were made for tHe top and bottom interfaces.
detector layout shown in Fig. 2. In the calculations, a 70-keV In order to compare the magnitude of the different absorption
boron implant to a fluence of 26 cm~2 was used for thep  contributions to the total absorption, we have multiplied the con-
top contact formation, and the n-type background doping weentrations in Fig. 3(a) by the corresponding absorption cross
taken to be 2x 10 cm™3 (corresponding to a resistivity of sections (see Table I). These data are shown in Fig. 3(b), using
2 Q2-cm). The Er implantation energy was chosen such that tiie same symbols as in Fig. 3(a). This plot clearly shows that
Er was placed in the center of the waveguide core (5 MeV) aittithe present geometry optical absorption by Er is only a small
the Er fluence was 8 cm~2. This fluence is sufficiently low contribution to the total absorption. However, since the interac-
to prevent amorphization of the Si, avoiding Er segregation [8pn between the separate doping profiles generates a depletion
during the thermal annealing that is required to activate the Eegion, in part of the waveguide the optical absorption by Er will
Fig. 3(a) shows the resulting free carrier distributions and tikeminate. The total detector response will thus be determined by
Er distribution as a function of y-position in the waveguide cor@bsorption in this region, relative to the free carrier absorption
with 4 = 0 pm corresponding to the Si-SjOnterface and losses outside this region.
¥ = 3 um corresponding to the top of the ridge. Indicated are In order to estimate the absorption of zeroth-order modes, we
the hole distribution in the p contact ), the Er concentration have determined the overldpof the normalized optical modes
profile (e), the Er induced electron concentratian,(which is with the peak-normalized dopant distributions. In the case of
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TABLE |
OPTICAL ABSORPTIONCROSSSECTIONS AND PEAK CONCENTRATIONS USED IN THE QUANTUM EFFICIENCY CALCULATIONS, AS WELL
AS THE CALCULATED MODE OVERLAP AND ABSORPTIONCOEFFICIENTS

o (cm’) Cpeat (™) '™ %) o™ em™) ™ (%) a™ (cm™)

gy 1.8x10%° 1.4x10" 43 0.0011 44 0.0011

Opre 9.5x10™"® 1.4x10" 29 0.039 31 0.041

a, 9.5x10™"® 2x10" 79 0.015 79 0.015

Oty 6.4x107"* 2x10"* 52 0.65 4.4 0.56
free carrier absorption, we have taken into account the absenc | 2f ' 1
of free carriers in the depletion region of the (unbiased) p—n ]
junction. These data, listed in Table I, together with the known 5~ 10° ]
peak concentrationS,..x of the distributions and the relevant g E
cross sections give the separate contributions to the total ab- < 102 E
sorption according te = ¢ x Cheak x I'. The results are sum- E E
marized in Table I. The main contribution to the absorption is g 1o E
found to be free carrier absorption by holes in the top contact 2 ]
[ap+ = 0.65 cm™ ! anday, = 0.56 cm* for the TE(0,0) and £ 10 ]
TM(0,0) modes, respectively], even though the mode overlap g - g
. . . = _ 3
with these carriers is only 4%—-5%. o 10°F ]
From the results in Table |, we find that the total waveguide 2 B
absorption of the detector structure shown in Fig. &j&; = 10_10:_ | | | B
2

0.71 cm~! andawe = 0.62 cm! for the TE(0,0) and TM(0,0) B E— 1

modes, respectively. This implies that more than 90% of the Voltage (V)

guided light is absorbed in a 4-cm-long waveguide. The fraction

of the TE and TM modes absorbed by the Er is ¥803 Fig._4. CL_Jrrep_t—voltag(_e characteristic_ of an Er-doped wa_v_eguide dete(_:tor
3 . . fabricated in silicon-on-insulator material using standard silicon processing

and 1.8x 1077, respectively. Together with the knowgh: of  technology.

70%, and assuming an electron—hole collection efficiency of 1,

we find an external quantum efficiency of 19for a 4-cm-long 15 y T y T y T y T

waveguide detector. This is three orders of magnitude high

than what was measured previously in a planar Er-doped P&

junctions illuminated at normal incidence [4], which is due tc=

the strongly increased interaction length that can be achieved

a waveguide geometry.
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V. PRELIMINARY MEASUREMENTS

al quantum efficiency
od
(4,9
1
1

An Er-doped Si p—n junction waveguide detector was fabri
cated according to the layoutin Fig. 2, using a 3-MeV Erimplan §
to a fluence of 18 cm2, a 40-keV B implant to a fluence of
10** cm—2, and a total waveguide length of 5 mm. These con ‘g0 - . . L - ) - -
ditions, though somewhat different from those used in the sin 1.52 1.53 1.54 1.55
ulations, were identical to those used in the planar p—n junctic Wavelength (um)
experiments described in [4]. Fig. 4 shows the current—voltag_e ) i )

.. L ig. 5. Photoresponse of an Er-doped waveguide detector fabricated in
(I_V) characteristic of the detector. The detector exhibits E§ffcon-on-insulator material using standard silicon processing technology,
open circuit voltage of 0.7 V, and the ideality factor is 1.33. The&howing an Er related photocurrent at 15.
saturation current calculated from a fit of the forward bias data
is 42 £ 5 pAlcm?, while the measured dark current-all V' photocurrent by the 1.%m photon flux in the input fiber mea-
equals 63Q:A/cm?. This indicates there is significant leakagesured using a calibrated detector. Hengg, also includes the
across the junction. Photocurrent measurements at room tditmer-to-waveguide coupling efficiency. From measurements on
perature were performed by coupling the output of a tunatdemilar waveguides, a coupling loss of 7 dB was found.
diode laser k.., = 1.51-1.57:m) into the detector waveguide, Fig. 5 shows the thus obtained,; as a function of wave-
using a single-mode tapered fiber. The laser signal was mechi@mgth, measured at a forward bias of 0.4 V. The spectrum shows
ically chopped at 267 Hz and the photocurrent was measuredeak centered around 1.535 nm superimposed on a rather con-
using lock-in detection. The collected current was convertathnt signal. The peak is attributed to the rrf‘am,/2 — 4113/2
to external quantum efficiency..; by dividing the collected absorption transition in Brr. The background is due to a broad




866 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 20, NO. 5, MAY 2002

range of absorption transitions within the Er Stark manifoldatensity. The thus obtained “optimized” processing conditions
(see e.g., [13]), as well as photocurrent attributed to optiaalay be nonideal for the desired current generation process.
transitions related to implantation damage in the p—n junction.The proposed detector length of 4 cm may be impractical for
Given the known shape of the Er absorption spectrum and fihéegration within optoelectronic integrated circuits. However,
spectral shape in Fig. 5, it can be concluded that both these catue to the high refractive index of silicon, it is possible to create
ponents are roughly equal in strength. The Er related photoclow-loss waveguide bends with a bending radius on the order of
rent was found to be roughly independent of the bias conditioris,m [14]. This makes it possible to “roll up” a 4-cm-long wave-
while the defect background current increased by a factor of gigide spiral to an area of 2 ninfassuming 4Q:m waveguide
upon increasing the reverse bias from 0 to 5 V. This increaspacing). Another issue related to the device dimensions is the
may be related to the spatial distribution of the Er induced inunction capacitance. The junction area of the 4-cm-long wave-
plantation damage, which is expected to be mostly located at thede, given by the product of the ridge width and the waveguide
end-of-range of the Er implantation profile: as the reverse bikngth, is 0.4 mrh. The capacitance associated with such a large
is increased the depletion region reaches the defect rich regipan junction limits the detector response time. This problem
possibly leading to a large defect related current. Note that timay be solved by “photon recycling,” i.e., by designing a wave-
defect related current generation mechanism could also be cguide structure in which light makes multiple passes through a
sidered as a candidate for a Si-based infrared detector. smaller p—n junction. A simple design could involve a Bragg re-
The observed external quantum efficiengy, ~ 1 x 107¢ flector at the waveguide end which reflects remaining /An%-
is much lower than the value calculated in Section IV, whiclight back into the detector, reducing the required waveguide
is attributed to the strong absorption of the aluminum top cotength by a factor of 2. More sophisticated designs may include
tact. The absorption of the TE(0,0) mode by the top contactrsicroring resonators and waveguide microcavities [15]. Even-
estimated to bevyc =~ 10% cm™! using the calculated modetually, the optimum detector response time will be determined
overlap of 9x 107> and the absorption coefficient of bulk alu-by the rate limiting step in the energy transfer process from Er
minum. Taking this absorption into account, the maximum to the Si electronic system, which in [4] was determined to be
that can be obtained in the present detector designkid@°, 2 x 10° s~!. Detectors with such a response time could, e.g.,
which is somewhat higher than observed. Most of this diffefind applications in all-optical interconnects used to electrically
ence can be directly related to coupling losses. isolate the driver circuits from Si-based high-power diodes and
transistors, which typically operate at frequencies of 10 kHz.

VI. DEVICE OPTIMIZATION VIl. CONCLUSION

A new concept of an Er-doped silicon infrared waveguide

The previous sections clearly demonstrated the viability of a tector is introduced. It ists of a sili id id
Er-doped silicon infrared waveguide detector, both theoretica ector s introuced. Tt consIsts of a silicon ridge waveguide
ntaining an Er-doped p-n junction along the waveguide

and experimentally. Several design improvements can beimqg th. The detecti h is based )
mented. First, the free carrier absorption could be reduced fy)9th. The detection scheme IS based on an energy conversion

reducing the electrical doping levels. The minimum carrier cort, her]:ne 'ndV\t’h't(;]h tg? eixc:|ttat|c_)n enetrgy O.f gpu_cally exhcnted Er ISt
centration that can be used is determined by the field requirtéans erred o the Si electronic system, inducing a photocurren

for efficient charge separation. This sets a limit to the dopiﬁfé"der ﬁ%ﬂn; |tlrl1urtn|natlo?. Frolm opt;cal mf(?_d_e calcuﬁilgns, It
levels on either side of the Er-doped core region. IS concluded that an external quantum efficiency ot-Laan

. be achieved in a 4-cm-long waveguide structure. It is shown
Second, the detector efficiency may be enhanced by if- ) o2 PR
X . . . that free carrier absorption is an intrinsic limiting factor for
creasing the amount of Er in the waveguide core. This, however . LT
. . the external quantum efficiency. Optimization of the detector

also has a number of undesired consequences. First, beceg.lse

of the donor character of Er, the absorption by Er induc HESIQH should therefore focus on obtaining optimum overlap of

. . e Er doping profile with the depletion region and minimum
electrons increases. As can be seen from Table I, increasin : : 2 .
overlap of the optical modes with free carriers in the waveguide.

the Er concentration by a factor of 10 generates an Er rela - .
. . . . o . reliminary measurements on an Er-doped waveguide detector
free carrier absorption with a magnitude similartg, , which . "~ .
s ; - ._in silicon indeed show an Er related photocurrent ayind
significantly influences the quantum efficiency. Incorporation

of large concentrations of erbium may also introduce undesired
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