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Abstract 

A 10 Gb/s APD is designed and fabricated by using the non-local model. Multiplication 
layer thickness and 2-dimensional Zn-diffusion profiles are optimized. The gain and 
bandwidth product (GB) more than 80G&, spatially uniform gain distribution, and the dark 
current less than 1nA are successfully obtained. 

I. Introduction 

The demand of avalanche photodiodes (APDs) 
operating at IOGbps increases rapidly in high 
performance optical transmission systems. In order 
to achieve high gain (G) and large bandwidth (B) 
simultaneously, it is essential to control the 
multiplication layer thickness very accurately. In this 
case, the conventional local model seems not to 
provide a good fit to the gain curve. It overestimates 
the multiplication noise and underestimates GB for a 
device with thin multiplication layer [1],[2]. We 
designed 10 Gb/s APDs based on the nonlocal model 
and demonstrated their high performances 

II. Design and fabrication 

Fig. 1 shows a schematic diagram of fabricated 
I OGb/s APD. It has SAGCM (separated absorption, 
grading, charge, and multiplication) stmcture with 
two FGR (floating guard ring) and the backside 
illuminating type. The epitaxial layers are grown by 
the metal organic chemical vapor deposition 
(MOCVD) method. The charge density of charge 
sheet layer (n'-InP) is chosen as 3.6 x 10'*/cm2 in 
order to maintain both the high electric field in the 
multiplication region and the low electric field in 
absorption region. In addition, two 0.05 pum -thck 
InGaAsP grading layers of 1.3Q/1 .IQ are inserted IO 

prevent hole-accumulation at the hetero-interface of 
InGaAsff nP. Especially, the absorption layer 
thickness is chosen as l pm since there exists the 
trade-off between the transit time and the 
responsivity. The recess etching depth is optimized 
as 0 . 2 p  in order to prevent the pre-breakdown 
due to the curvature radius. ALSO, two floating guard 
ring is adopted to reduce the electric field intensity 
at the shaped junction of diffused edge. The 
diameter of light receiving area is 25 pm . 

in the active 
region greatly affects on the APD major 
performances such as the gain, the excess noise 
factor, and the gain-bandwidth product (GB). The 
multiplication layer can be designed by using the 
local model or the nonlocal model. The local model 
is valid if t,,,, is much greater than the dead length 
(the minimum distance required for each carrier to 
travel to get impact ioniiation) and the ionization 
coefficient of a canier is only a function of material 
and electric field. On the other hand, when tmP is 
reduced to the point that it becomes comparable to a 
few dead Iengths, the local model is no longer valid 
and the nonlocal model should be used [3]-[5]. In 
the nonlocal model, the ionization coefficients of 
carriers depend on electric field a s  well as a location 
point at which a carrier was created. 

Fig. 2 shows a calculated 3dB bandwidth LdB 
at the gain G=8 according to the multiplication layer 
thickness t, based on the nonlocal model. It is 
seen that (,,,a should be less than 0.23 p n  

The multiplication thickness, 
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forf,, 2 lOGHz . Fig. 3 shows the changes of the 
breakdown voltage as a function of the 
multiplication layer thickness, t, . The breakdown 
voltage decreases as t, decreases when t ,  is 
moderately thick. However, if the thickness 
decreases further, the breakdown voltage increases 
in a very thin multiplication layer regime. For a 
given charge-sheeting density, a minimum 
breakdown voltage exists at a critical multiplication 
layer thickness f,,,, of 0.4 pm . Thus, it is 
necessary for rm,p to be greater or less than tB,mn 
in order to avoid an early breakdown in the 
peripheral region. Thus, t,,, of 0.23 pm and tm,p 
of 0.43 pm are selected in the fabricated devices in 
views of large bandwidth and uniform gain. 

HI. Performances 
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Fig. 1. Schematic dagram of a lOGb/s APD. 
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Fig.3. The breakdown voltage VB vs. f. 
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Fig. 2. The bandwidth f3dB vs. t,,,. 

Fig. 4 shows typical dark and light illuminated 
photocurrent as a function of reverse bias for 25pm- 
diameter active area APD device* 1.33 p n  
DFB(Distributed-feedback)-LD(1aser diode) is used 
as a light source and its output power is maintained 
with -20d3m by the optical attenuator. The turn-on 
voltage where the absorption layer is completely 
depleted is measured as 14V. The breakdown voltage 
where the photocurrent exceeds 100pA is 32.5V. 
The dark current remains about InA at the bias 
voltage of 90% breakdown voltage. Fig* 5 describes 
the gain at t,,, 4 . 2 3  pm as a function of the 
electric field. The dotted points are the measured 
data. The solid line and the dashed line correspond 
to the calculation results based on the nonlocal 
model and the local model, respectively. The local 
model overestimates the gain and the nonlocal 
model gives better agreement with the experimental 
data. Fig. 6 shows the bandwidth of an APD 
according to the gain. The solid and dashed lines are 
the calculated values from the nonlocal model and 
the local model, respectively. The experimental 
gain-bandwidth product (GB) of the fabricated APD 
is as high as XOGHz at G=9 which is almost 
coincident to the expected value from the nonlocal 
model. To investigate the gain suppression at the 
periphery region of the light receiving area, we 
measured the two dimensional current 
characteristics of an APD. Focused beam through 
tapered fiber with the spot size of about 2 p m  is 
used. Fig. 7 shows measured photocurrent 
distribution at 90% breakdown voltage. The 
distribution is uniform and the edge breakdown is 
successfully suppressed. 
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IV. Conclusions 

We designed and fabricated a 10Gb/s 
InGaAsiInP APD. The multiplication layer thickness 
was accurately selected by the nonlocal model. The 
recess etching process and two guard ring structures 
were introduced to suppress an early breakdown due 
to the curvature radius. Excellent APD performances 
are successfully demonstrated such as the dark 
current of less than lnA, the gain-bandwidth product 
GB of larger than 8OGHz, and spatially uniform 
current distribution. 
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Fig. 4. The photocurrent and dark current vs. the 

bias voltage. 
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Fig. 6.  The 3dB bandwidth f3de vs. the gain G. 

Fig. 7.2-Dimensional photocurrent current 

distribution. 
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