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1. Introduction

The continuous shrinking of device dimension is associ-
ated with the interconnection bottleneck[1]; that is, in-
terconnection propagation delay overwhelms transistor
gate delay. This impedes fast switching operation of cir-
cuits. Under such a situation, optical interconnection be-
comes an attractive option, which involves light emitting
devices, optical waveguide and photodetectors[1]. In or-
der to design optoelectronic integrated circuits (OEIC),
models describing the electronic and optical character-
istics of optoelectronic devices for circuit simulation be-
come a necessity. However, few works related to model-
ing of optoelectronic devices have been done so far.

We focus on photodiode as an optoelectronic device.
Though the vertical type has been studied theoretically
by some authors[2], theoretical work on the lateral pho-
todiode is still lacking. The high frequency characteris-
tics of vertical p-i-n photodiodes are known to be lim-
ited by the absorption length of the incident light. This
is due to the trade-off between carrier transit distance
and light absorption depth. However, the lateral p-i-n
photodiode[3] is free from such limitation because the
carrier path and light direction are different. This en-
ables both high responsivity and high speed device op-
eration. Furthermore, it realizes fabrication of silicon
monolithic photodetectors since the technology is com-
patible to VLSI processes.

In this paper, we report a formulation of carrier trans-
port in a lateral p-i-n photodiode. Computational accu-
racy of the model is comparable with the 2-dimensional
device simulator MEDICI[4] yet the computational time
is greatly reduced. Since the model equations are solved
in the frequency domain, it is applicable for harmonic
balance simulation[5].

2. Description of Carrier Transport

We consider a simplified structure of a lateral p-i-n pho-
todiode shown in Fig. 1. The following assumptions are
adopted in formulating the device equations: (1) homo-
geneous irradiation on the i-region, (2) constant electric
field E = (EZ,0) in the i-region, (3) deep n™- and p*-
region compared to the incident light penetration depth,
and (4) negligible change of electric field Ef due to the
incident pulse. (See e.g. Ref. [6] for high illumination.)
These assumptions allow us to focus only on the i-region.
Furthermore, the second assumption implies that carri-
ers move along the x-direction.

A non-stationary description of carrier transport
in the i-region is obtained using Fourier expansion.
We expand time dependent variables as f(z,y,t) =
>, fui(@,y)e” ™, where f denotes all the different de-

pendent variables, e.g. carrier number density, current
density, photon flux, etc. By solving consistently the
continuity equation and the current-density equation un-
der the drift approximation with the boundary condi-
tions, n, (0,y) = 0 and p,, (L,y) = 0, we obtain the
solution for photocurrent as

) Wi -
I =quEiW — <1 - i » —iwit
it 325 {r o (i) f e

where q is the elementary charge, p is the carrier mobil-
ity, ¢, is the w;-component of photon flux ¢(t), L is the
i-region length along z-direction, and W is the width of
the photodiode.

3. Modeling Results and Discussion

The real part of I, normalized by the low frequency
value as a function of w;, exhibits the frequency response
of the photodiode. Cut-off frequency fr is derived as the
value of Re[l,,] at —3dB. Using the developed model,
two methods for enhancing the frequency response are
recognized. Omne method is by increasing the applied
bias, which increases fr as depicted by the horizontal
line in Fig. 2. The next is by reducing the ¢-region length
L. Figure 3 shows increasing fr as L is reduced for two
different applied biases. Steep increase in fr is observed
for L below 1um.

Next, we validate the accuracy of our model with mea-
sured transient photocurrent response of a fabricated
Si lateral p-i-n photodiode. The device structure is
shown in Fig. 4 with i-region length L=2pm and applied
bias V,,=7V. For our calculation, we adopt the spectral
method[7] using the Fast Fourier Transform (FFT) in
obtaining the time-domain model response. The model
correctly reproduces measured photocurrent response for
a Gaussian light pulse with ~ 60ps FWHM as shown
in Fig. 5a. The difference in the end region can be at-
tributed to carriers generated in the p™ and/or n* region
due to diffraction along the perimeter of the Al opening.
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Figure 1: Structure of a lateral p-i-n photodiode.
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Figure 2: Cut-off frequency fr increases as the applied bias
is increased. fr is approximated as the value of the Re[l.,]
at —3dB.
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Figure 3: Cut-off frequency as a function of the i-region
length L.
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Figure 4: Fabricated lateral p-i-n photodiode. D(~ 1um)

depicts the diffusion depth. Doging density of substrate, n*
and pt is ~ 10%cm ™2, 10*°cm 3 and 102°cm 3, respectively.

Computational accuracy of the model as compared with
MEDICI is shown in Fig. 5b.

We demonstrate the photodiode frequency response
using the model in Fig. 6. For a sinusoidal input of 1GHz,
the photocurrent response exhibits no transit delay as
shown in Fig. 6a. At 10GHz, which is in the cut-off
region, the photocurrent shows phase shift and reduced
amplitude as shown in Fig. 6b. Both are due to the fact
that carriers can no longer respond to very fast switching
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Figure 5: Normalized photocurrent calculated using the
spectral method. (a) Calculated transit delay agrees with
experimental result. (b) Computational accuracy is compa-
rable with the two-dimensional device simulator MEDICI.
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Figure 6: Photodiode response for (a) 1GHz and (b) 10GHz

input. No photocurrent delay is observed at low switching

frequency. At higher switching, photocurrent exhibits delay

and reduced amplitude. Current is normalized with respect

to the photocurrent at 1GHz.

Table 1: Features of the developed model as compared with
MEDICI.

[[ Developed Model ]| MEDICI
Domain Frequency Time
Method Analytical solution | Finite difference

+ FFT

Calculation time < lsec ~ lmin
Compatibility - Harmonic Balance
with circuit Simulator —
simulation engine - SPICE via FFT

4. Conclusion

We have developed an analytical model for the carrier
transport in lateral p-i-n photodiode. The frequency re-
sponse of the photodiode is enhanced by shorter 7 region
and higher applied bias. The model achieves excellent
reproduction of measured photocurrent down to ~ 60ps.
Furthermore, the developed model is appropriate for cir-
cuit simulation of OEICs. Table 1 summarizes other fea-
tures of the developed model.
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