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Abstract—The photosensitivity characteristics of resonant
cavity-enhanced (RCE) photodetectors have been investigated.
The photodetectors were formed by integrating the active ab-
sorption region into a resonant cavity composed of top and bot-
tom (buried) mirrors. A general expression for quantum effi-
ciency 7 for RCE photodetectors was derived taking the external
losses into account. Drastic enhancement in 7 is demonstrated
at resonant wavelengths for a high quality factor Q cavity
with a very thin absorption layer. An improvement by a factor
of 4 in the bandwidth-efficiency product for RCE p-i-n detec-
tors is predicted. Device parameters for achieving very high
7(>0.99) without very thick absorption layers and any anti-
reflection coating was discussed. Molecular beam epitaxially
grown RCE-heterojunction phototransistors (RCE-HPT) were
fabricated and measured demonstrating good agreement of the
experiment and the theory. The wavelength selectivity of RCE
detection was applied to wavelength demultiplexing. Crosstalk
attenuation and efficiency-crosstalk product were calculated for
various device parameters. Such a wavelength demultiplexing
device was demonstrated by monolithically integrating three
RCE-HPT’s tuned at different wavelengths. The crosstalk at-
tenuation was 12 dB.

INTRODUCTION

IGH SENSITIVITY photodetectors are crucial for

optical communication, information, and sensing
systems [1]-[3]. Various photodetectors, such as ava-
lanche photodiodes, (APD) [2]-[4], p-i-n photodiodes
(p-i-n PD) [3], [5], heterojunction phototransistors (HPT)
[6]-[10], and metal-semiconductor-metal (MSM) photo-
diodes [11], [12] have been extensively studied. The
quantum efficiency 5 of these conventional photodetec-
tors, however, is basically limited by the absorption coef-
ficient «, thickness d of the active layer, and surface re-
flection R, i.e., 7 = (1 — R) - (1 — ¢ ™) [1]. So to
achieve high %, a thick active layer along with antireflec-
tion coating is essential. For « = 10* cm ™', the quantum
efficiency of a 1 um thick absorber is limited to 63 %, and
to achieve 5 > 95% a very thick (>3 um) active layer is
required (R = 0). However, reduced device speed results
from longer transit times required in such a device em-
ploying thick depletion region. Therefore, it is desirable
to enhance the quantum efficiency without increasing the
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active layer thickness in order to optimize the gain-band-
width product. This enhancement in % can be achieved by
incorporating a multiple pass detection scheme, in which
a single active layer serves many times in generating pho-
tocarriers.

Resonant cavity-enhanced (RCE) detectors having such
a multiple-path detection scheme were demonstrated with
AlGaAs-GaAs heterojunction phototransistors (HPT)
[13], and with GalnAs-AlInAs Schottky photodiodes
[14]. The former devices possess high quantum effici-
ences of 43% for a very thin active layer of only 0.1 um.
In this scheme, the detection region is integrated between
two mirrors (top and bottom), and at the resonance con-
dition, the incoming light interferes constructively with
the reflected component from the bottom mirror. The re-
sulting resonant cavity effect enhances the internal optical
field amplitudes. For a high-quality factor Q cavity (high
mirror reflectivities and thin absorption region) a drastic
increase in 5 can be obtained. Therefore, a high n detec-
tion can be achieved even for a very thin (fractions of a
micron or less) active layer.

We should note that this resonant cavity effect also pro-
vides wavelength selectivity of detection [13]. Therefore,
RCE detectors can be viewed as high sensitivity detectors
at selected wavelengths or monolithic integration of a de-
tector with a filter. Hence, such detectors may also func-
tion as channel discriminators in wavelength division
multiplexing system [15].

In the course of this paper, the general formulation of
quantum efficiency of resonant cavity-enhanced (RCE)
photodetectors is first presented. Then, fundamental prop-
erties of RCE detectors, such as quantum efficiency en-
hancement, wavelength-selectivity, incident light angle
dependency of quantum efficiency, and high-speed re-
sponse are theoretically discussed in detail. Using these
considerations, the design concept and parameters of
RCE detectors are given. The experimental results on
AlGaAs-GaAs RCE-HPT’s with an intermediate InGaAs
layer in the collector are presented to demonstrate the RCE
detection effect. Next, we discuss novel wavelength de-
multiplexing (WDM) devices, in which three RCE-HPT’s
with different resonant wavelengths are monolithically in-
tegrated. Here the RCE detection provides channel dis-
crimination. Maximum crosstalk attenuation was 12 dB
with an optical gain of 500. Finally, the channel crosstalk
attenuation is discussed theoretically, and a performance
figure of merit for these devices is devised in order to
determine the optimum design structure.
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ENHANCED QUANTUM EFFICIENCY AND HIGH-SPEED
PROPERTIES FOR RESONANT CAVITY-ENHANCED
(RCE) PHOTODETECTORS

A. Formulation of Quantum Efficiency

First, an expression for the quantum efficiency of RCE
photodectors will be formulated. Fig. 1 illustrates the
model used in the analysis. Both of the end mirrors of the
RCE photodetector may be made of quarter-wave stacks
of semiconductor compounds or dielectric materials. For
the top mirror, the native semiconductor to air interface
can also be utilized, providing a reflectivity of approxi-
mately 30%, owing to the large refractive index differ-
ence at the boundary. The active layer thickness d and
absorption coefficient «, where the photogeneration of
carriers takes place, is between the two mirror structures.
Distances to the active layer, from the top and the bottom
mirrors, are symbolized by L, and L,, respectively, and
the absorption coefficient outside the active region is a,.
Field reflection coefficients of the top and the bottom mir-
rors are ;e ¥ and rye %2, respectively, where y, and
¥, denote phase shifts due to light penetrating into the
multiple-layer mirror region. Thus, the corresponding
power reflectivity is R, = r? (i = 1, 2).

The electrical field component E; of an incident light
wave is transmitted into the detector as ¢, + E;. In the
detector region the forward travelling field Eyis composed

Absorption
Region
Z=0 oo z-L
v
Qlex Olex.
E; E¢ Ey
— —t —
Incident (- D
Ligt || [rie7ie| | rpe-ie
v I
DBR L, -'ldl'- L, *lm

DBR Reflector
R, = l‘% » Re = l'%

Fig. 1. Analysis model of resonant cavity enhanced (RCE) photodetec-
tors.

The optical power inside the resonant cavity is given by
n 2
P, = 5— |E| (s = forb) @)
299

where 7, and n are the vacuum characteristic impedance
of electromagnetic waves and the refractive index of the
detector material, respectively.

In this case, the light power absorbed in the active layer
(P;) can be obtained in relation to the incident power P;
as

Py = (Pre ™M + Ppe™*2) (1 — e ™) =

Thus, the quantum efficiency 7 is given by

(e —aexL1 + e —ClexLZRze —m-L)

'n =
{1 — 2R Rye ™ *% cos @BL + ¥, + ) + R Rye ™

of this transmitted field and the feedback field reflected
from the bottom mirror. Therefore, if the propagation
constant is defined by (3, the forward traveling wave E; at
z = 0 can be obtained through a self-consistent consid-
eration, as

Ef — t]E,- +rn e*ad*dex(Ll*LZ) e*j(zﬁL%//l*\bz) Ef e))

(1 + Rye™9

a - r%)(e—achi + r%e—acxl‘ze—acl‘)(l _ EAMI) p (5)
1 - 2r|r2€—a‘-L cos (2BL + 1//1 + Y,) + (r‘rz)Ze—Za‘.L i
L} X (1 - Rl)(l - e_”d) (6)
where «, is
o, = (e Ly + anl, + ad) /L. (7

Since a, is usually around 5-10 cm™', i.e., small com-

pared to the absorption coefficient of the active layer, o
(=10* cm™"), we can neglect o, in (6), except for the
case of an extremely thin active layer or extremely thick
external layer. Thus 7 is

n =
{1 - 2\/R]Rze'ad COos (26L + \Ll + dlz) + RIRze_Za

thus E; is

L
—ad — aex(Ly + L2) e JABL+ i +42) E. @

E=
! 1—rne

Propagating E; of (2) through the detector region, the
backward traveling wave at z = L, E, can be obtained as

Eb = rze—ntd/Z e—otex/2(L1+L2) e—j(BL*'Jzz)Ef_ 3)

d} X (1 =R — e (8)

where 8 = 2nw /N (\: wavelength and n: refractive in-
dex).

The above quantum efficiency is a periodic function of
the inverse wavelength. Fig. 2 shows the calculated
wavelength dependency of n where three curves for R, =
0.9, 0.3, and 0.05 are drawn assuming R, = 0.9, ad =
0.1, and L = 2 pm. We note here that the quantum effi-
ciency is enhanced periodically at the resonant points de-
termined by 2L + ¢, + Y, =2mw (m = 1,2,3, - - *).
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Fig. 2. Wavelength dependency of the quantum efficiency for RCE detec-
tors for various top mirror reflectivities R, = 0.05, 0.3, and 0.9, respec-
tively, at absorption parameter ad = 0.1 and the bottom mirror reflectivity
R, = 0.9.

The dotted line in Fig. 2 indicates the value given by 1 —
e~ the maximum 7 value attainable for a conventional
photodetector.

On the right-hand side of (8), the term inside the brack-
ets gives the cavity enhancement effect. This term be-
comes unity when R, = 0 giving the quantum efficiency
for a conventional detector without the cavity structure,
ie,p=00-R)(A — e,

In the above derivation of (8), the standing wave effect
in the cavity was not taken into account. This could lead
to inaccuracies for very thin absorbing layers having
thicknesses significantly below that of the standing wave
period. This discrepancy can be accounted for within this
model by introducing an «.g to replace .

The peak quantum efficiency at resonant points 7, is
from (8):

= {M} X (1 —-R)(U - e*ad) )
"7 = VRiRye ) !

and in the limit of a thin active layer, i.e., ad << 1, 1,
is

(1 + R,(1 — od))

T’P = {(1 - VR]Rz(l - ozd)2

At the off-resonance points, that is when 28L + ¢, +
Yo =0Cm+ Dw(@m=1,2,3, - ), the field amplitude
of the light between the two end mirrors decreases due to
the destructive interference of forward and backward trav-
elling waves, resulting in suppressed quantum efficiency
as shown in Fig. 2. The wavelength spacing between
neighboring resonant peaks, i.e., free spectral range
(FSR), can be expressed as

z X (1 —R)od. (10)

)\2
2ncff(L + Leff.l + chf,z)

FSR = (11

2027

where n.q is the effective refractive index, and Lcg ; are
the effective optical length of the multi-layer mirrors.
Generally, L. ; can be given by [16]

1%(1' =1,2).

Ly, = 298

(12)

An experimental example of the L. value for a GaAs-
AlGaAs stacked layer mirror is 0.7 um, found by adding
two effective lengths on both the top (five periods) and
bottom (eight and a half periods) mirrors [17].

The ratio of FSR to the wavelength full width at half
maximum A}, /, is a measure of the wavelength selectiv-
ity of detection. This ratio is usually referred to as finesse
F, and can be derived from (8) as follows:

1/4  —ad/2
g FSR @ Ryie™ 13
A)\1/2 1 — VR,Rze_“d

B. Quantum Efficiency Enhancement by Resonant
Cavity Effect

The origin of such drastic enhancements of quantum
efficiency is the enhanced amplitude of the internal field
inside a high Q resonant cavity. This amplitude enhance-
ment can be evaluated by the internal optical power in-
crement factor to the incident power defined by (P; +
P,)/P;. This factor is identical to the right hand term of
the quantum efficiency in (8) except for (1 — e ~edy term,
and therefore, it expresses the absolute improvement of
quantum efficiency by the cavity effect over an idealized
conventional detector (R, = R, = 0) with the same active
layer thickness.

The internal optical power increment factor at reso-
nance for R, = 0.3, 0.7, and 0.9, with R, = 0.99 and
0.90 was calculated neglecting the external absorption oy.
Fig. 3 shows the calculated results as a function of nor-
malized absorption coefficient ad where solid lines are for
R, = 0.99 and dotted lines for R, = 0.90. For small ad,
i.e., low loss cavity, the increment factor exceeds 10 and
can reach 50 or more at the higher top and bottom mirror
reflectivities resulting in a reasonably high quantum effi-
ciency even for a thin active layer. Here, the internal op-
tical power can be greatly enhanced by increasing the front
and bottom mirror reflectivites. On the other hand, with
increasing ad, this increment factor decreases rapidly, es-
pecially for the high Q cavity (e.g., Ry = 0.9 and R, =
0.99), and becomes less than unity.

Multiplying the internal optical power increment factor
of the resonant cavity by (1 — e ~*¢) results in quantum
efficiency 5 of RCE photodetectors (8). Fig. 4 shows 7 at
resonant modes as a function of ad (or thickness in mi-
crons for « = 10* cm™") for variance R, values and R, =
0.9 (solid lines). The y for the no reflector case (R, = 0)
is also given by a dotted-dashed line and 4 for R, = 0.7,
R, = 0.99 is shown by a dashed line. When the two curves
of R, = 0 and 0.9 for R; = 0.3 are compared to each
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Fig. 3. Internal optical power increment factor in resonant cavities with
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Fig. 4. Calculated quantum efficiency versus ad. Solid lines show 7 at the
resonance mode peaks for R, = 0.9, a dashed line for R, = 0.99 and R,
= 0.7, and dotted-dashed line shows the no reflector case (R, = 0, R, =
0.3).

other, we notice that the cavity enhancement improves 7
from 6.7 to 43% (a factor of 6.5) for 0.1 um thick ab-
sorption layer (@ = 10* cm™"). Even higher quantum ef-
ficiency can be obtained by increasing the bottom mirror
reflectivity. For example, when R, = 0.99 as R, = 0.7,
a maixmum 7 in excess of 98% can be expected as shown
in Fig. 4.

The absorption term (1 — e ~*¢) increases with increas-
ing ad, while the internal power increment factor de-
creases as shown in Fig. 3. Therefore, n is a maximum at
a certain ad and decreases with increasing thickness to
the conventional value determined by the top mirror re-
flectivity, i.e., 74~ = 1 — R;. For a thick absorption
region, most of the light is absorbed before it reaches the
bottom mirror. Thus, the feedback mechanism, i.e., the
cavity effect is removed.

R, = Rye™?d

Maximum quantum efficiency, max

0.0

rallfit A el
103 1072 107! 1 10
Normalized absorption coefficient, ad

Fig. 5. Maximized quantum efficency versus ad. The maximizing condi-
tion is R, = Rye ~2*/. Dashed lines show 5 for aex L, = ot L; =5 X 107¢
(i, 0 =5cm YL, Ly =L, =1pum).

From (9), the quantum efficiency at a certain ad value
is maximized when R, = R, e ~2d_Fig. 5 shows the max-
imum % as a function of ad for various R, values. For
conventional detectors without the cavity effect, high
quantum efficiency (>90%) can be realized only for a
thick active layer of more than 2-3 pm (see the curve for
R, = 0 in Fig. 5). In the case of RCE photodetectors,
however, when R, = 0.99, a maximum quantum effi-
ciency exceeding 90% can be easily realized for very thin
active layers of 0.04-0.05 pm thickness (o = 10* cm™")
as shown in Fig. 5. This fact is very helpful towards im-
proving the high-speed performance of detectors because
the electronic transit time along the depletion absorption
region may eventually govern the high-frequency perfor-
mance. The high-speed behavior of RCE detectors will be
discussed later.

When the ad value is very small, the effect of «,, may
not be neglected. The dashed line in Fig. 5 represents 7
foro,, = 5cm 'and L, = L, = 1 pm. A small discrep-
ancy from the lossless cavity results (o, = 0) is observed
only for R, = 0.99 in the case of small ad. For practical
ad values, however, this discrepancy is negligibly small.

From the above discussion, it is understood that high
quantum efficiency photodetectors with 7 > 99% can be
realized for a thin absorption region, but at the expense
of their wide spectral photosensitivity performance. Fig.
6 shows the constant 5 contours as a function of top mirror
reflectivity R, and normalized absorption coefficient ad.
The parameter region of R, and ad as R, = 0.99 for get-
ting 7 > 99% is indicated by the meshed region. For
7 > 99% with R, = 0.2, a deviation of absorption thick-
ness d from 0.7 to 0.95 um at o = 10* cm™! is allowed.
Similarly, high » can be obtained for a range of top mirror
reflectivities. For example, at ad = 0.7, n = 0.99 range
extends from R, = 0.2 to R, = 0.3 (native GaAs surface).

A conventional detector, although it has a wide-range
flat sensitivity, requires a very thick absorption layer in
excess of 5 um, to absorb 99% of the incoming light even
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with a perfect antireflection coating. The secondary re-
combination of photo-generated carriers while drifting
through such a thick depletion region will then limit %
introducing an additional difficulty for achieving very high
17 (>99% ). In the case of RCE detectors, achieving high
7 detection at a single wavelength is easier, but tuning the
wavelength may be necessary. However, wavelength tun-
ing can be carried out by recessing the surface as de-
scribed below [13].

C. Angle Dependency of Quantum Efficiency

Quantum efficiencies of RCE photodetectors given by
(6)-(9) are for the normal incidence of incoming light.
The expression of % for off-angle incoming light with an
incident angle 6; can be obtained by replacing 8 with
B cos 0 in (6) and (8). Here, by Snell’s law, n sin § = sin
0., and also note that y; (i = 1, 2) is a function of 3. When
the incident angle is shifted from the normal, the peak
value of quantum efficiency 5, (Fig. 4) will decrease since
the resultant change in the optical path length causes a
shift from the resonance wavelength. Here the new reso-
nance wavelength should be determined by 28 cos 6 =
2mm. Thus, for small 6;, the relation of the wavelength
shift AN to the incident angle is approximately

1 /6)\°
[AN] ~ 5(;) A

From the wavelength dependent equation of 7 (8) and
the above equation (14), the angle dependency of n can
be obtained as a function of the cavity finesse F, wave-
length N, cavity length L, effective refractive index n.g,
and refractive index n, as follows:

(14)

Ag _ T T M _ [2neff(L + Letr s + Lesra) F (ﬂ)z]z
7 N A n/ 1’
(15)

Equation (15) indicates that 5 is most sensitive to the
angle of incidence for a high finesse cavity at shorter
wavelengths. Although this behavior may be very useful
for special applications (such as high response angle de-
tection), it becomes a drawback for RCE detectors in
many applications. However, this drawback can be prac-
tically overcome. As shown in Fig. 7, n does not change
appreciably within the incident angle 5° even for very
high-finesse cavities with F = 10 and 20 at the wave-
lengths of 1 and 1.5 um. For lower finesse cavities, this
angle condition can be relaxed, still keeping the benefit
of resonant cavity effect. A light beam can be aligned eas-
ily within 5°, and if the detector modules fixed with fiber
coupler and microlens is utilized, the induced detection
instability due to shocks may be completely eliminated.
Furthermore, when the RCE detection scheme is inte-
grated into optoelectronic circuits, a good light beam
alignment can be obtained by a simple arrangement of de-
vices.

2029
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Fig. 6. Relation between the absorption coefficient ad and the top mirror
reflectivity R, as R, = 0.99 for a constant quantum efficiency. Quantum
efficiency greater that 0.99 can be obtained in the meshed region.
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Fig. 7. Incident light angle dependency of the quantum efficiency for the
high finesse cavity with F = 10 and 20 at wavelengths of 1 and 1.5 um.

D. High-Speed Response Properties

High-speed response of a simple photodetector (e.g.,
p-i-n, MSM detectors) is restricted chiefly by the transit
time through the depletion layer and the device capaci-
tance (i.e., RC time constant). The RCE scheme provides
a high 7 detection for a thin active layer. The transit time
limited 3 dB bandwidth of a thin p-i-n detector f, is ap-
proximately [18]

f, =045 <§> (16)

where v is the carrier velocity (for simplicity equal elec-
tron and hole velocities are assumed).

The bandwidth-efficiency product f,, - % calculated from
(9) and (16) is shown in Fig. 8, for R, = 0.9 where the
curves for R; = 0.3 and 0.9 are given by solid and dotted-
dashed lines, respectively. For thin active layers, the RC
time limited product fzc * n restricts the high speed per-
formance dependent on the device size (R = 50 ©). The
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dashed line indicates the bandwidth-efficiency product for
a conventional idealized photodetector (i.e., R, = R, =
0). As a result, we note that the high-speed detection abil-
ity can be enhanced very much by the RCE effect, here
by a factor of 4. For RCE detectors with low capacitance,
e.g., MSM detectors [11], [12], the RC time limit may be
relaxed and ultrahigh-speed detection can be obtained.

RESONANT CavITY ENHANCED AlGaAs-GaAs
HETEROJUNCTION PHOTOTRANSISTORS

Resonant cavity enhanced (RCE) detection can also be
realized for AlGaAs-GaAs heterojunction phototransis-
tors (HPT’s) using an intermediate smaller bandgap
(InGaAs) collector layer [13]. Fig. 9 shows the layer
structure of AlGaAs-GaAs RCE-HPT where the resonant
cavity is formed between the embedded quarter-wave
stack bottom mirror and the epitaxial layer surface. By
introducing the InGaAs layer, the photosensitivity spec-
trum extends to longer wavelengths (> 900 nm) where the
absorption in the base and the heavily doped GaAs col-
lector is negligible. Having a lossless structure, except for
the thin active region, enables the formation of a high
quality factor Q cavity. The estimated Q of the cavity for
lossless case is about 75 at A = 900 nm. The measured o
with a 0.1 um InGaAs absorbing layer is 60 which is only
20% shy of the lossless case.

The RCE-HPT’s were grown by molecular beam epi-
taxy (MBE) initiating with 2 0.5 um n*-GaAs buffer layer
on an (100) n-GaAs substrate. This was followed by a ten
pair AlAs-GaAs high reflectivity mirror (R = 0.9, center
wavelength 950 nm). After the mirror, the HPT contains,
successively from the substrate side, a 0.5 um n*-GaAs
subcollector, a 0.4 um n-GaAs collector (n = 5 x 10'¢
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Fig. 9. Schematic layer structure of the investigated RCE-HPT’s.

cm™3) and a 0.1 pm undoped Ing o5 Gag o5 As collector, a

p-GaAs base (0.1 um, p = 5 X 10" ¢cm™®) and a
n-Alg 3 Gag 7 As emitter (0.2 umn = 5 x 10" cm™3), and
finally, a 0.1 um AlGaAs and a 500 A GaAS cap layers
(bothn = 5 x 10' cm™?). For the reference, a conven-
tional HPT with identical structure without the bottom
mirror was also grown. After growth, 300 pm circular
HPT’s with 250 um windows were fabricated. The pho-
tosensitivity of the fabricated devices was evaluated under
the illuminaton of a monochromatic light source with a
spot size of 500 um. The spectrum of this source was
calibrated by a Si-detector.

The wavelength spectrum of the photosensitivity of the
RCE-HPT is shown in Fig. 10 by the dashed line, in com-
parison to that of the conventional HPT (solid line). The
latter spectral response was cut sharply around the band-
edge wavelength of GaAs at 860 nm, with a small in-
crease at around 900 nm which was solely due to absorp-
tion in the InGaAs layer. The cavity loss should be very
low at 900 nm so it follows that the sensitivity of the HPT
at longer wavelengths was limited by the thickness of the
InGaAs region, i.e., 0.1 um, for conventional HPT. Un-
der pulsed laser illumination, the optical gain of the HPT
was measured to be above 500 at 850 nm (calculated 4 =
25%) and 150 at 900 nm (InGaAs region absorption
wavelength, 4 = 6.7%) at V.. = 5V and I. = 30 mA
[13]. The dark current measured for a 250 p device was
5pA (1 X 107* A/cm?).

On the other hand, the photosensitivity of the RCE-HPT
with a resonant cavity formed between a buried mirror
structure and the epilayer surface was greatly enhanced at
certain wavelengths, as shown in Fig. 10. At the resonant
peak of 900 nm, where the low-loss cavity was realized,
the detected current increased to seven times of the HPT
without reflectors. This resonant cavity enhancement al-
most coincides with the theoretical enhancement factor of
6.5 for the same reflectivities and active layer thickness,
as discussed previously in Fig. 4. The increase at 850 nm
was only a factor of 1.7. Here, the two spectral responses
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Fig. 10. Spectral response of floating base HPT's, i) without reflectors
(solid line) and ii) with resonant cavity enhancement (dashed line). The
dotted line shows the estimated spectrum for the latter when the cavity
influence is removed. Note that the band edge of the InGaAs region moves
to longer wavelengths due to inaccuracy in the In-mode fraction.

were normalized at 750 nm where the cavity effect is neg-
ligible.

From Fig. 10 we observe that the RCE-HPT yielded a
smaller enhancement of the photosensitivity at 850 nm
(absorption in 0.5 pm InGaAs-GaAs collector) compared
to 900 nm (absorption in 0.1 um InGaAs) resulting in al-
most identical sensitivities at these two wavelengths in
contrast with the drastic difference in the thickness of the
active absorption region. Absorption losses in the base
and subcollector in addition to larger absorption by thicker
active collector layers (total lossy region 1.15 n) degrades
the cavity enhancement effect at 850 nm as predicted the-
oretically. At 850 nm, a cavity enhancement factor is cal-
culated to be 1.8 which is in very good agreement with
the experimental value of 1.7. Note that in Fig. 10 the
sensitivity between the resonance peaks is below that of
the conventional HPT without reflectors, owing to the in-
cident light at off-resonance wavelengths being rejected
from the cavity. The calculated finesse of a cavity with
reflectivities of R, = 0.3 and R, = 0.9 and 2 0.1 um thick
absorbing region is 4 from (13), which is in good agree-
ment with the experimental value of 3.6 as obtained from
Fig. 10.

As described previously, the peak quantum efficiency
of RCE-HPT’s at resonance points can be maximized at
a certain top mirror reflectivity (R; = R, * e ~**). For
example, for R, = 0.9 and ad = 0.1, a maximum 5 =
65% can be obtained at R, = 0.74. To obtain such a high
surface reflectivity, however, it is required that an addi-
tional reflector structure grown above the active device.
Furthermore, with this reflector the cavity length and in-
turn the resonance modes will be fixed.

Fortunately, regrowth process of the top mirror enables
the cavity modes to be tuned to any desired wavelength.
In this process, a top mirror dielectric or semiconductor
layers can be grown after the resonant wavelength is tuned
simply by recessing the surface for changing the cavity
length. Tuning by surface etching is demonstrated in Fig.
11 where spectral responses of RCE-HPT’s of the as-

2031

EXP.

Collector current (arbitrary units)

1000

800 850 900 950
Wavelength (nm)

Fig. 11. The spectral response of RCE-HPT as the surface is thinned: i)
as-grown (solid), ii) etched 350 A (dotted), and iii) etched 600 A
(dashed).

grown structure (solid line) and after etching the cap layer
approximately 350 A (dashed) and 600 A (dotted) are
given.

As a result, high gain and very fast detectors with high
quantum efficiencies, at a variety of selected wavelengths
can be fabricated on the same wafer. Thus, the RCE-HPT
may also function as a wavelength demultiplexing device
for wavelength division multiplexing (WDM) systems
[15].

WAVELENGTH DEMULTIPLEXING FuncTtioN oF RCE
PHOTODETECTORS

Wavelength division multiplexing (WDM) is a key
technology for increasing the transmission capacity of op-
tical fiber communication systems. In this system a high-
speed and high-gain demultiplexing receiver is a crucial
part of the system performance [19]-[22].

A wavelength demultiplexing detector using RCE-
HPT’s can be composed as shown in Fig. 12 where, as
an example, four RCE-HPT’s with the different resonance
wavelengths are monolithically integrated [23]. Each
RCE-HPT can function as a channel discriminator for
picking up the corresponding channel signal from the
common incoming light beam among the detectors. For
this device scheme, the detected photocurrent of individ-
ual detectors will decrease by sharing the light power, but
high phototransistor gain will compensate for this. This
type of device can provide a very simple but effective
wavelength demultiplexing detection scheme, especially
for small channel number demultiplexing or short dis-
tance WDM communication systems.

As described above, the resonance wavelength of the
cavity can be tuned by recessing the epitaxial layer sur-
face, i.e., changing the cavity length L. In the demulti-
plexing detector depicted in Fig. 12, four RCE-HPT’s
with different cavity lengths (L, through L,) provide dif-
ferent resonant wavelengths (1 through 4).

The very prototype of such a wavelength demultiplex-
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Fig. 12. Conceptual diagram of an application for the demultiplexing de-
tector composed for the four RCE-HPT’s with different resonance wave-
lengths.

ing detector was fabricated using the same RCE-HPT
structure discussed above. Standard photolitohgraphic
techniques were employed to fabricate 300 um circular
RCE-HPT’s with 250 um windows. The demultiplexing
receiver structure was formed by selective recessing of
the window surfaces of neighboring devices by 350, 700,
and 1050 A. In this study, the surface recessing was ad-
justed to obtain only three equally spaced modes to
achieve high crosstalk attenuation. Therefore, the spectral
response of device #4 was identical to that of device #1.

Fig. 13 shows the spectral responses of devices 1-3 un-
der equal illumination and a collector emitter bias of 3 V.
The free spectral range (FSR) of the device was around
55 nm at 900 nm center wavelength and full width at half
maximum (FWHM) AA,/, was 15 nm with a resulting fi-
nesse F of 3.6. The maximum crosstalk attenuation for
dual wavelength demultiplexing was demonstrated to be
over 15 dB. For three wavelength demultiplexing, the
crosstalk attenuation is around 12 dB, slightly less than
the theoretical value of 15.6 dB for F = 3.6 and N = 3.

Using the wavelength dependent quantum efficiency
equation for RCE detectors (8), the interchannel crosstalk
attenuation (C ) can be derived approximately as a func-
tion of finesse and number of channels (N ) as

2
C = 20 log [1 + <%> } N>3 17

where the finesse is given by (13) in relation to mirror
reflectivities R;, R,, absorbing layer thickness d, and the
absorption coefficient o.

From (17), we note that a very high crosstalk attenua-
tion can be obtained for a very high finesse cavity formed
by increasing the end mirror reflectivities for a thin ab-
sorption layer as shown in Fig. 14. For example, when
ad = 0.01 and o, = 0, a finesse value as large as 100
can be expected for end mirror reflectivities of R, = 0.99
and R, = 0.985. The performance of wavelength demul-
tiplexing detectors is evaluated by the figure of merit de-
fined by the product n - C. We calculated the product 7
- C as a function of ad, assuming the maximized n con-
dition (R, = R,e "2*’) and four-channel demultiplexing,

Exp.
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Fig. 13. Spectral response of the three devices with different surface re-
cessing depicted in Fig. 12. The portion of the wavelength spectrum over
one free spectral range with minimum crosstalk is shown.
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Fig. 14. Cavity finesse of maximized n RCE-detectors as a function of ad.

as shown in Fig. 15. Examining (17) and the finesse de-
pendency on ad (Fig. 14), we note that C should increase
monotonically with decreasing od. But as n decreases at
the small ad region as shown in Fig. 5, the product » -
C peaks at a certain value of ad. Thus, a high perfor-
mance demultiplexing detector can be obtained in the re-
gion around ad = 0.1 or less for higher R,. For an ab-
sorption layer thickness of 0.1 um (i.e., ad = 0.1),
dependencies of each C and % on the mirror reflectivities
are sown in Fig. 16.

In the above prototype device, the buried mirror is only
ten periods with a corresponding peak reflectivity of R,
= 90% and the top mirror is the epilayer surface with R,
= 30%. Increasing the number of periods for the bottom
mirror to 15 will result in 99% peak reflectivity and en-
hance the wavelength selectivity. Therefore, a drastic im-
provement of demultiplexing performance can be achieved
by increasing the front and bottom mirror reflectivities.
For example, when R, = 0.90, R, = 0.99 and ad = 0.1,
F is 20, resuiting in crosstalk attenuation values of 24 dB
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Fig. 15. The quantum efficiency-crosstalk attenuation product (figure of
merit) 5. - C for wavelength demultiplexing RCE detectors versus ad for
four channel demultiplexing (N = 4).
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Fig. 16. Crosstalk attenuation and quantum efficiency of the investigated
wavelength demultiplexing detector as a function of the top mirror reflec-

tivity. The solid line shows 5 and C for R, = 0.99 and the dashed line for
R, = 0.9.

and 40 dB for ten- and four-channel demultiplexing, re-
spectively, while 7 is 85%.

Note that with increasing F, wavelength FWHM A\, /,
will decrease enabling the reduction of interchannel
wavelength spacing (F = 20, gives A\, /, < 3 nm for the
investigated structure). Therefore, with improving wave-
length selectivity the number of demultiplexing wave-
lengths within the same FSR can be increased.

CONCLUSION

The photosensitivity characteristics of resonant cavity
enhanced (RCE) photodetectors has been investigated.
The photodetectors were formed by integrating the active
absorption region into a resonant cavity composed by top
and bottom mirrors. A general expression of the quantum
efficiency n for RCE photodetectors was derived taking
the external layer losses into account for the first time.
Using this equation, various detection properties of RCE
photodetectors were discussed giving the following re-
sults:
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i) Under the resonance condition, the enhanced ampli-
tude of internal optical fields results in drastic increases
in absorption and thus 7. Since off-resonance wavelengths
are rejected from the cavity, RCE photodetectors can also
provide wavelength selectivity. Therefore, an array of
RCE-HPT’s tuned at different wavelengths can be used as
a wavelength demultiplexing receiver.

ii) Using a low-loss, high-Q cavity, reasonably high
photosensitivities can be achieved for very thin active lay-
ers. Consequently, as a result of relaxing the transit time
limit on the high speed performance, the bandwidth-effi-
ciency product can be enhanced by a factor of 4.

iii) The resonant cavity effect can also be used in ob-
taining very high quantum efficiencies (n = 1.0) at se-
lected wavelengths, without requiring very thick absorb-
ing layers or anti-reflection coating. For example, R, =
0.99 and ad = 0.6 (d = 0.6 pm as o = 10* cm™") give
n > 0.99 for native semiconductor surface (GaAs: R, =
0.3) at the resonant wavelength. This resonant wave-
length can be tuned by recessing the surface.

iv) Quantum efficiency 7 is most sensitive to the inci-
dent angle of incoming light for a high finesse cavity at
shorter wavelength. But 5 does not appreciably change
within the 5° or normal incidence even for very high fi-
nesse of F = 10-20 for A = 1-1.5 um.

In brief, the detection mechanism of RCE photodetec-
tors was discussed in detail in relation to device parame-
ters such as reflectivities and absorption coefficients, giv-
ing us the basic tools for designing these devices for
various applications.

To demonstrate the theoretical results, AlGaAs-GaAs
RCE-HPT’s with an InGaAs intermediate collector layer
were grown and fabricated. The measured enhancement
in 7 was in good agreement with calculations.

A monolithic three wavelength demultiplexing receiver
was formed by integrating three RCE-HPT’s tuned at dif-
ferent wavelengths. The demultiplexing ability of RCE
detection scheme predicted theoretically was therefore
confirmed. A crosstalk attenuation of 12 dB was obtained.
The crosstalk attenuation and the efficiency-crosstalk
product were calculated for various end mirror reflectivi-
ties and the absorption coefficient ad. A figure of merit
for optimum device design was discussed.
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