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ABSTRACT: Two key parameters for RCE photodetectors that govern their suitability for ultrafast
optical communication systems are considered. These are the quantum efficiency and the bandwidth
efficiency product. A closed analytical form has been derived for quantum efficiency, which
incorporates the structural parameters of the photodetector. Based on the simulation results, an
optimization and design procedure for these photodetectors has been developed.
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1. Introduction

ptical photodetectors are the key components in optical communication systems. Their

quantum efficiency and optical bandwidth characteristics are of major importance in the
design of fiber optic based data communication systems. A number of structures and design
optimization techniques have been proposed in the literature to achieve high values for these
two parameters (Kishino, 1991), (Unlu, 1992, 1995, 1998), (Tan, 1995), (Murtaza 1996),
(Tung, 1997), (Jervase, 1998, 2000). One of the promising types is the Resonant Cavity
Enhanced (RCE) photodetector. In the RCE, the active region is placed inside a Fabry-Perot
cavity between two mirrors made of quarter-wave stacks (QWS) to allow the signal light to
have more than one absorbing path inside the active region (Kishino, 1991), (Unlu, 1992,
1995, 1998), (Tan, 1995), (Murtaza, 1996), (Tung, 1997), (Jervase, 1998, 2000), (Onat, 1998),
(Ozbay, 1997). The resulting structure will need only a very thin absorbing intrinsic region to
achieve high quantum efficiency as well as a high speed of response. Hence, RCE photodiodes
with quantum efficiencies close to unity can be designed.

In this work, the quantum efficiency is formulated in a closed analytical form. This
includes the structural parameters of the photodetector and takes into consideration the
wavelength dependence of the end mirrors reflectivities and the absorption coefficient of the
intrinsic region. Using this formulation, an optimization and design procedure for RCE
photodetectors has been developed and design charts have been generated with the quantum
efficiency, quality factor and frequency bandwidth as input design parameters.
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2. Analysis

Figure 1 shows the integrated device of our investigation, which is based on the system of
heterojunctions Ing 53Gag 47As/InP. The speed response for this type of PIN structure is mainly
limited by the transit time and the diffusion time of photogenerated carriers in the space
charge region and the neutral regions. It is also limited by the charging and discharging time
for traps at the heterojunction interfaces and by the inherent and parasitic capacitances of the
structure. The last two effects can be minimized by incorporating non-absorbing lateral layers
having graded heterojunctions with the active region and to have the heterojunctions and the
active region depleted of any trapped charges that might be stored. In addition, the
introduction of super lattice bandgap grading layers can eliminate the interface hole trapping
process and consequently decrease the capacitive effect on the generated carriers. To further
improve the frequency bandwidth requirements, the active region should be shortened enough
to minimize the transit time of the photogenerated carriers crossing it. To reduce the device
dark current, several types of junction architectures have been proposed based on the
enhancement of the barrier heights at the interfaces of the InGaAs active layer and the
adjacent layers to decrease tunneling currents of minority carriers. PIN photodetectors based
on InGaAs/InP have been analyzed by many researchers e.g. (Bottcher, 1992) and the
references therein). In fact, the typical PIN photodiode configuration (Dentan, 1990) has been
integrated in our proposed configuration for its simplicity and ease of fabrication as well as its
realistic mathematical description.
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Figure 1. The RCE photodetector model.

The expression for quantum efficiency for the RCE photodetector shown in Figure 1 will
be derived following a similar approach to that used in (Kishino, 1991) and (Jervase, 1998).
This technique is based on finding the reflectivities of the top and bottom mirrors separately
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and then using their values to determine the fields inside the cavity by considering the whole
structure of the photodetector i.e. mirrors and cavity together.

With reference to the device model shown in Figure 1 for the RCE photodetector, the quantum
efficiency due to the power absorbed in the i-region may be expressed as follows,

(=R Y1+ Re“)1-e) (1)
I1+R,Re” cos¢
where,
¢:{2[ﬂex(l‘1+L2)+M]+W1+W2} (2)
_ 2y, 3
g =" 3)
_2m 4
p=2r @

In the derivation of Eq. 1, the p- and n-regions are assumed to be transparent at the design
resonant wavelength Ap=1.3um.Thus a.x=0 for the material adopted in the model (InP) at this
wavelength.

It is apparent from Eq. 1 that the external quantum efficiency depends on the design of
the top and bottom QWS's (R, y1, Ry, W2), the choice of the materials for the cavity (o, n, ney)
and its physical dimensions (d, L;, L,) as well as the operating wavelength (A). Within the
range of interest in this analysis (1.2um < A <1.5um), there is no much variation in refractive
indices of the different layers of the photodetector. This does not apply, however, to the i-
region attenuation constant a. It has been shown in the literature that the absorption
coefficient a of Ings3Gags7As is a function of wavelength and doping (Humphreys, 1985).
Using the experimental results in (Humphreys, 1985), a nonlinear curve fitting technique has
been used to obtain analytical expressions for o.

With reference to Eq. 1, the maximum quantum efficiency occurs when
2Bu(A)(L,+L, )+ B(A)d|+y,(A)+y,(4)=2x, orf multiples thereof. It then follows that (Kishino,

1991), (Jervase, 1998),
(1=R)1+ R f1-e) (5)

k _
pea 1+ R,R,e™™

This expression is used in a constrained optimization procedure for the design of RCE
photodetectors with maximum quantum efficiency. Equation 5 serves as a check on the
optimized values (L;, L,, d) in whether they yield the maximum quantum efficiency.

The design procedure developed is summarized below:

Step 1: Specify the resonant wavelength Ao, the quantum efficiency n, the quality factor Q and
the frequency bandwidth BW.

Step 2: Select the materials for the cavity and the quarter-wave-stacks (QWS’s).

Step 3: Design the QWS’s with the following guidelines:

Choose the number of layers N, to achieve a reflectivity R, at A close to unity for the bottom
QWS.

Choose the number of layers N; to achieve a reflectivity 0.6<R;<0.9 at A, for the top QW

Step 4: With the values of R; and R, now known, invoke a search and optimization program to
determine d, L, and L,.

Step 5: Generate values for | for a range of wavelengths centered at A,.

Step 6: For each set of d, L; and L,, deduce FWHM and compute the quality factor and the
frequency bandwidth.

Step 7: Select the values of d, L; and L, that satisfy the design criteria on Q, n and BW.
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3. Results

The resonant wavelength used in this work is Ay=1.3um. The refractive indices of the
various layers of the model adopted in the analysis (Figurel), are SiO,(1.46), Si (3.46), InP
(3.20), InAlGaAs (3.50) and InGaAs (3.73-j0.12).

Following the design procedure outlined earlier, 42 pairs of layers were needed to
achieve a reflectivity of 0.998 at 4. For the top QWS, only one pair of layers is needed. This
yields a reflectivity of 0.8. The resonance condition to achieve maximum quantum efficiency
Z[ﬁgx(i )L, +L, )+ B(A )d]+ w,(A)+w,(4)=2r may thus be expressed for the adopted structure as

n, (L, +L,)+nd=M(4,/2) (&)
where, M=1,2,3,...
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Figure 2. Variation of external quantum efficiency 7 with wavelenghth A.

Figure 2 shows the variation of external quantum efficiency with wavelength using a set
of generated values (d=0.1um, L;=L,=1.465um) in Eq.1. This Figure shows a dominant peak
centered at Ay=1.3um, the design wavelength. This result is physically more realistic since the
proposed structure is acting as a resonant cavity filtering out all wavelengths other than A,.

The theoretical result is also in very good agreement with recently published
experimental data on high-speed RCE Schottky photodiodes (Jervase, 2000), (Unlu, 1998),
(Onat, 1998) and high-speed Si-based RCE photodetectors (Ozbay, 1997). With reference to
Figure 2, the use of the free spectral range (FSR) to the wavelength full width at half
maximum (FWHM) as a measure of wavelength selectivity of detection (Kishino, 1991) is no
longer valid. The conventional quality factor definition used for filters design defined as the
ratio of A to the FWHM is more appropriate in this case as a measure of selectivity (Jervase,
2000).

It has been noticed that ignoring the variation of the attenuation constant o with A results
in a higher off-resonance peak for A> A, and lower off-resonance peak for Ay.This is due to the
fact that o monotonically decreases with A.

Following a design and optimization procedure, all the sets of values obtained previously
for d, L; and L, were used to obtain the quality factor Q corresponding to every spectrum of
quantum efficiency n. The objective is to obtain design charts relating the quality factor Q to
the maximum achievable quantum efficiency mmax for a given structure dimensions. The
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curves of Figure 3 show the interdependence of the quality factor Q and the quantum
efficicney n for different values of M.
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Figure 3. Design charts relating ¢ and # for different optical length of photodetector.

If a photodetector is W be optimized for both high € factor and high quantum efficiency.
one should select the design curve corresponding to the smallest value of M. Once the choice
of (. My and M is made. the subsequent step is 1o determine the geometrical parameters of
the structure, namely d, L. L= In general, two possible values for d can be obtained for a
given Mmax. The smallest should be chosen, as it will yield the larger frequency bandwidth,
Substitution of this value of d and the value of M in Eq. 3 results in a linear equation with L,
and L> as unknowns. An infinite number of combinations of L) and L satisfy this equation.
The choice of L=kLs. (where k is a constant such that 0<k<1) does not affect the design since
optical absorption in the adjacent regions is neglected,

The other important parameter in the design of RCE photodetectors is the bandwidth-
etficiency product (BWE). The carrier-transit time limited 3-dB bandwidth BW may be
obtained using Kato's expression (Kato, 1999).

B =221 (6)

Where v is the effective carrier saturation velocity and o is the carrier transit distance and in
this case is the absorption width.

For InGaAs. which is the absorption material used in this simulation, v = 53007 ms.
The results ol simulation are shown in Figure 4 for Li=Ls=1.617um. It shows that as d is
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varied, quantum efficiency increases, peaks at d=0.1um and then decreases. Thus, there is an
optimum value for d, which achieves maximum quantum efficiency. The BW and BWE on
the other hand, decrease with increasing d. Thus, for d=0.1um, which corresponds to
maximum quantum efficiency of 0.99 the BWE is 290GHz. It is worth pointing out here that
the simulated values for BWE merely serve as upper limits for the bandwidth-efficiency
product. In practice, other parasitic factors, such as the leakage RC, will lower the achievable
values.
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Figure 4. Variation of efficiency 7 and bandwidth-efficiency product BWE with active region
width d.

4. Conclusion

The quantum efficiency and bandwidth-efficiency product of resonant-cavity enhanced
photodetectors (RCE) has been formulated in closed analytical forms that incorporate device
structural parameters. A search and optimization-based procedure has been developed with the
quantum efficiency, quality factor and frequency bandwidth as input design parameters. Design
charts relating the quality factor Q to the maximum achievable quantum efficiency 7., for a given
structure dimensions have also been generated.
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