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Effects of Non-abrupt Interface on Waveguide
Properties of SiGe/Si MQW Photodetector *
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Abstract ; The formation of non-abrupt interface makes the refractive index profile of an actu-
al SiGe/Si MQW no longer a periodic square wave. A multi-step index mode is proposed to
simulate the actual refractive index profile. Based on this mode, the dispersion equation of the
MQW waveguide is obtained by using the transfer matrix method. The effects of index change
on the optical field and characteristics of photodetector are evaluated by solving the dispersion
equation. It shows that the non-abrupt interface results in decreased effective absorption coef-

ficient and quantum efficiency.

PACC: 7280, 6865, 0762, 4280

With the development of MBE and MOCVD techniques, the MQW waveguide has be-
come an important structure in some optoelectronic devices'~*. SiGe/Si MQW waveguide
photodetectors have been demonstrated™®~*1, By usirig the SiGe/Si MQW structures as nat-
ural waveguides, a high quantum efficiency and improved transient performance can be ob-
tained. Generally, the refractive index profile of a MQW guide core is theoretically as-
sumed to be a periodic square wave. However, the actual interfaces of SiGe/Si MQW are
not abrupt, and the refractive index profile can be described by the Guassian distribution.

In this paper, a multi-step index mode is proposed to simulate the actual waveguide
and evaluate the effect of the index changes on the effective absorption coefficient and
quantum efficiency for a practical SiGe/Si MQW photodetector.

Fig. 1(a) shows one period of the index profile of a MQW waveguide, where curve 1

represents the ideal square wave profile, and curve 1, I represent two actual index pro-
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files. The multi-step index profile is used to simulate the actual profile is shown in Fig. 1
(b), where the diffusion region is divided into several small sub-regions with the refractive
index n; and width /; in sub-region i (:=1,2,3,--+,8). It is assumed that the waveguide
core contains N periods with period thickness ¢. 7n, and 7. are the refractive index of the
cladding layers on both sides of the guide core, respectively. Let n. be the effective refrac-
tive index s 7, >ne >ngsneosna (=1,2,++,7). The transverse propagation constant in each

layer can be expressed as follow!"*1,
Yo = ko(nly — nfo)l/z
Y, = ko(n} — nkp)'” G=1,2,,7)
Yy = ko(nly — n))'*

Ycl = ko("ff{ - 7131)1/2

(a) (b)

Fig.1 (a) The refractive index profile of a period of the multiple quantum well optical waveguide.

Curve I represents the square wave profile,Curve T and I correspond cases nf the Si-
Ge interdiffusion;

(b) The multi-step refractive index approach in a period of the multiple quantum well optical
waveguide
It is assumed that light propagates in the z direction and there are no field variations
in the y direction. The y component of the field distribution in the various layers can be

expressed as:

Y, (x) = Aexp[— Y (x — x4)] x < x,

i—1

¥, (2) = Beos(Y,[z — (xo + nt + DD
-

+ Csin(Y,[z — (zo +nt + >,

-1 i
x, + nt + le<x<xo—{—nt—{— le i=1,2,-,8

=1 i=1

¥, (x) = Akexp[— Y (x — a0 — T)] x>, + T
where n=0,1,2,-*,N—1, and =z, is the starting point of the waveguide core. A, B,, C;
and k are the amplitude constants in the respective layers. By applying the boundary condi-
tions at each interface, the mode dispersion equation can be obtained and is expressed as:

1 0,Y,

g
Ay — U_OYoAm — }71lvA1o + 00Y1A11 =0

where AgAo~AsAjy are expressed as;
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and o;=1 for TE mode, o;=nf(i=1,2,*,7, 8 and ¢, c, for two cdaddiﬁg layers) for TM

mode.

The expression is a general one, it can also be used to calculate the square wave re-
fractive index profile when all n,(;=1,2,+**,7) are equal to the well refractive index.

By using the dispersion relations presented above, an actual SiGe/Si MQW photode-
tector is analysed. The calculations are performed at wavelength of 1. 3um. Only the TE
mode is considered, since the TM mode result is similar to that of the TE mode. The ac-
tive layer of the detector used in this work consists of 9 periods of 34nm Ge,, 3551065 wells
and 149nm Si barriers. The sample is grown by MBE at 700'C. The Auger measurement
of the sample is shown in Fig. 2. From Fig. 2, it can be seen that the fraction of Ge is high-
er in the wells near the surface and lower in the inner wells, and the width of the inner
wells are wider than that of wells near the surface. The X-ray diffraction measurement al-
so shows that the interfaces between layers are degraded. This may be caused by the Si-Ge
interdiffusion and controlling problems during the growth process. The calculated TE
mode field based on the refractive index profile in Fig. 2 is given with the solid line in
Fig. 3. The field distribution based on the square wave index is also shown with the dot
line for comparison. From Fig. 3, it can be seen that the field distribution of the actual
waveguide is asymmetric, and its intensity is smaller than that of the ideal case. The peak

of the asymmetric distribution moves toward the surface.
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The relation between the confine factor I" and effective absorption coefficient a. is:
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ags =ral’ ¥ where r is the percentage of the thickness of absorption layers to the total
thickness of the core and « is the absorption coefficient of Si,_,Ge, alloy. In the case of
square wave index profile, the calculation results show that the optical confine factor I' is

0. 835, and the effective absorption coefficient a.;is 17. 2 cm™'.

However, in the case of
actual Siy ssGeo 35/S1 MQW photodetector, I' is calculated to be 0. 772 and a.y is only about
5.47cm™!. It can be seen that although I" only decreases a little, a. decreases a lot. This
means that the decrease of I' is one of the reasons of the decrease in .. In fact, the de-
crease of a. can also be caused by reduction of value r. In the inner wells, the fraction of
Ge is very low, their absorption at wavelength of 1. 3um becomes very weak. The effective
thickness of absorption layers is reduced and hence the a.. The quantum efficiency of the
device is expressed as: '
7=0—R)(A—e*)

if only the effect of effective absorption coefficient on the quantum efficiency is considered .
the reflectivity of the surface and the transmitting depth of light signals are assumed to be

unchanged, the ratio of actual quantum efficiency to the theory value is:

77actual

Toieons = 0. 318
It means that the degraded interface is one of reasons reducing the quantum efficiency of
the practical device.

In summary, the existence of the Si-Ge interdiffusion and poor control during the
growing process of SiGe/Si MQW degraded the interfaces of wells and barriers. The re-
fractive index profile is no longer a periodic square wave. The multi-step refractive index
mode has been proposed to simulate the actual waveguides. This approximation is applica-
ble to most MQW structures and useful for future MQW optical waveguide device design
and optimization. In this paper, the optical properties of the SiGe/Si MQW waveguide
photodetector are calculated. It shows that the non-abrupt interface has undesirable effects
on the characteristics of the devices. It decreases the optical confinement and effective ab-
sorption coefficient, and results in a low quantum efficiency. To further improve the per-
formance of the device, a thin absorption layer and a low growth temperature, together

with good control, must be adopted.
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