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Abstract : To study the guard-ring suppression effect on the extension of the photo-sensitive area in planar-type front illumi-
nated InP/InGaAs hetero-structure detector,the InGaAs photo detectors with different distances between guard-ring and PN
junction were designed and fabricated. The actual distance between guard-ring and PN junction of the detector was calculat-
ed based on the atomic force microscopy ( AFM) and scanning capacitance microscopy (SCM) measurements. The charac-
teristics of the photo response of the detectors with guard-ring were carried out with laser beam induced current ( LBIC)
method. It was indicated that LBIC signal of the photo detector without guard-ring fit well with the exponential decay func-
tion, while that of detector with guard-ring followed the Gaussian distribution. The extension value of the photo-sensitive ar-
ea decreased linearly as the distance between the guard-ring and PN junction decreased. It was concluded that the appropri-
ate gap between the guard-ring and PN junction should be in the range of 7 to 12m.
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Introduction

InP/InGaAs/InP photo detector, especially the
planar-type InP/InGaAs/InP photo detectors for the
near-infrared (1 ~ 3um) detection have the distinct
advantages of low leakage current, high quantum effi-
ciency, high reliability and room temperature opera-
tion. InGaAs detectors, especially the linear InGaAs
detector array has found wide applications in many
spectral

fields such as near-infrared spectroscopy,

characterization, agriculture monitoring, industrial

process control, moisture measurement, biomedical
analysis, and space remote sensing, etc e

However, in planar type InGaAs photodiode, the
PN junction contact would collect not only all the photo
excited carriers generated in the junction area but also
part of the photo-carriers generated in a diffusion length
around the junction area due to the lateral diffusion
effect, which results in the extension of the photo-sen-
sitive area. Especially in large scale detector arrays, as
the pixel pitch became smaller, the extension of photo-
sensitive area would result in cross-talk in photo detec-
tor arrays. The modulation transfer function ( MTF) of
the detector arrays and thus the precision of the image
would be deteriorated””’. Usually, the guard-ring
structure between two neighbor pixels is used to sup-
press the extension of the photo-sensitive area at the
cost of fill factor lost '°'. To study the photo responsive
characteristics of the photodiode with guard-ring in pla-
nar-type front illuminated InGaAs detector arrays is
meaningful for detector design.

In this paper, the planar-type front illuminated
InP/InGaAs/InP hetero-structure photodiodes with dif-
ferent guard-ring to PN junction distances were fabrica-
ted with the sealed-ampoule method. The actual guard-
ring to PN junction distance of the photodiode was cal-
culated on the base of AFM and SCM measurements.
The responsive characteristics of the photo detectors

with guard-ring structure were investigated using LBIC

technique.

1 Experimental details

The planar-type InGaAs photo detectors with
guard-ring were fabricated on the NIN-type InP/In-
GaAs/InP hetero-structure materials with sealed-am-
poule diffusion method using Zn; P, as the diffusion
source. The epitaxial material consisted of a 1pm Si-
doped N-InP top layer with a doping concentration of a-
bout 5 x 10" em ™, a 2. 5pum InGaAs absorbing layer
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with a doping concentration of 5 x 10" ¢m ™, a 0. 5um
N-InP buffer layer with a doping concentration of 2 x
10" em ™ and a 600pm S-doped InP substrate layer
with a doping concentration of 2 x 10" ¢m ™. During
device fabrication, a SiN_ layer deposed using PECVD
acted as the diffusion mask, and the diffusion windows
of the guard-ring area and PN-junction area were wet-
etched using HF acid. In the PN-junction fabrication
process, the guard-ring with a designed width of 10m
surrounding the PN-junction area was diffused simulta-
neously. Cross-section of the photodiode is shown in
Fig. 1. The designed size of PN junction area was (45
x 40) pm’.

guard-ring and the PN-junction were 10, 15, 20 and

The designed distance D between the

25wm, respectively. The photo responsive characteris-
tics of the PN-junction area was carried out on a Micro
LBIC system from SEMILAB Company. The pulsed la-
ser of the LBIC system is at 980 nm with pulse fre-
quency of 1kHz and the laser beam radius is 5pm.
During LBIC measurement, the P contact and N con-

tact of the guard-ring were short connected.

Bl 1 PRI EREEH T InGaAs FRIAS 04 BT ]
Fig.1 Cross-section of the planar-type InGaAs photodiode with
a guard-ring
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Fig.2  Photo-carrier diffusion effect in planar InGaAs photo-de-
tectors without (a) and with (b) guard-ring

2 Results and discussion

For planar type InP/InGaAs/InP photodiode, the
InGaAs absorption layer would absorb one incident
photon and generate one pair of photo-carriers. Nearly
all the photo-carriers generated in the junction area
were collected by the PN junction contact due to the
build-in electric field, while the photo-carriers genera-
ted around the junction area would diffuse freely, and
were collected as the photo-carriers diffused near the
junction area, as shown in Fig. 2.

Usually, the effective photo-sensitive area of a
planar InGaAs detector is defined as the PN junction
area plus the diffusion length of the photo-carriers.
Thus the photo-sensitive areas of both neighbor pixels
would extend for one diffusion length. However, as the
pixel pitch reduced, the photo-carriers generated near
one PN junction would diffuse freely and was collected
by the neighboring PN junction, as shown in Fig. 2
(a), and the cross-talk appears.

As shown in Fig.2 (b), after the guard-ring was
brought in, part of the photo-carriers generated around
the PN junction were collected, and the extension of
the photo-sensitive area would be limited within the
guard-ring area. Then the two neighbor pixels were iso-
lated effectively.

The normalized LBIC signal gray isoline maps for
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Fig.3 Normalized LBIC signal gray isoline maps for detectors
without guard-ring and with different distances between guard-
ring and PN junction
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Fig.4 SCM image of the guard-ring diffusion junction area
(up) and AFM image of SiN_ diffusion mask with a designed

10pum wide diffusion window ( down)

detectors without guard-ring and with designed guard-
ring to PN junction distances of 10, 15, 20pm were
shown in Fig. 3. After bringing in guard-ring structure,
the extension of the photo-sensitive area of the detector
was greatly suppressed, and was limited in a smaller
area as the designed guard-ring to PN junction distance
reduced from 20pm to 10 pm.

To quantitatively study the suppression effect of
the guard-ring with different distances between guard-
ring and PN junction, the AFM and SCM measure-
ments were carried out.

The AFM image of a SiIN_ diffusion mask with a
designed 10pm wide diffusion window is shown in Fig.

4. Due to the side etching effect of HF acid, the SiN_
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diffusion mask was etched into an invert-trapezoid-
shaped diffusion window with a top width of 13 um and
a bottom width of 12um. It was indicated that the actu-
al distances between guard-ring and PN junction would
decrease by about 2 pm.

Meanwhile, during the diffusion process, Zn ele-
ment would diffuse both laterally and vertically. Scan-
ning Capacitance Microscopy (SCM) had been applied
in studying the dopant profiles across junctions in InP/
InGaAs hetero structure materials successfully "*'. To
study the across junction distribution, the photodiode
was cleaved and the SCM measurement was carried
out. And the SCM iamge of the guard-ring junction ar-
ea is shown in Fig. 4. The width of the across junction
was about 13m, which indicated that the actual dis-
tance between the guard-ring and the PN-junction
would decrease about 3pum, as shown in Fig. 1. And d
decreased to about 7, 12, 17 and 22jum, respectively.

As shown in Fig. 5, for the photo detector without
guard-ring, the photo induced carriers in relative long
distance from the PN junction edge would diffuse later-
ally and were collected by the junction contact. And
this lateral diffusion effect was greatly reduced after the
guard-ring was brought in. As the guard-ring to PN-
junction distance reduced, the suppression effect in-
creased even more.

The exponential decay function is usually used to
describe the relationship between LBIC signal and the la-

ser beam-to-junction distance, and is given as follows'”’

K5 RELR IS PN 45 ) BRI &5 45 X 4 09 5 — 1k
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Fig.5 Normalized LBIC signal near the edge of the PN junc-
tion varying with the laser beam position for different guard-ring
to PN-junction distance

Lye(x) =1, + Ae™" | (1)
where [y, x, L, A and I, are the LBIC signal, the laser
beam-to-junction distance, photo carrier diffusion length,
proportionality constant and constant, respectively. As
shown in Fig. 5, the exponential decay function fit well
with the LBIC signal of photodiode without guard-ring.
The fitted diffusion length L was about 14.44pum.

However, as the guard-ring was brought in, part
of the photo-carriers generated around the PN junction
would be collected by the short-connected guard-ring.
The exponential decay function was not suitable any
more.

Instead, as shown in Fig. 5, the LBIC signal of
the photodiode with guard-ring fit well to Gaussian
function. It was indicated that Gaussian function might
be a suitable solution, which is shown as follows

_ A 2(xg) Y2

Lige(x) =1, + . Tr/2€ ) (2)
where [ 5., x, w and x, are the LBIC signal, the laser
beam-to-junction distance, designed guard-ring to PN
junction distance and the peak /|, value position, re-
spectively. Both I, and A were different fitted constants
for different guard-ring to PN-junction distances. Usu-
ally, the photo-carrier diffusion length L is defined as
the position at which the LBIC signal decreased to 1/¢
of the peak value. In function (2), I, is a small value

compared to [, and could be ignored, and the value

A/w +/m/2 is also constant. The photo-carrier diffu-
sion length of the photodiode with guard-ring is defined

as follows:
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Fig.6  Photo-carrier diffusion length versus guard-ring to PN
junction distance
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Fig.7 Normalized LBIC signal for detectors without and with
different guard-ring to PN junction distances

L=x,+w/2 . (3)
According to the fitted results, the photo-carrier diffu-
sion length for the photodiode with different guard-ring
to PN-junction distances were about 7.49, 8.96, 10.78
and 12.45um, respectively, as shown in Fig. 6.

Choosing the position at which the LBIC signal
decreased to 1/¢€ of the peak value as the extension val-
ue of the photo-sensitive area, the experimental value
and Gauss fitted value are listed in Fig. 6. It is shown
that the extension value of the photo-sensitive area
would decrease linearly down to a value which went
beyond the system limitation as the guard-ring to PN
junction distance decreased. From the discussion
above, it is indicated that to design planar-type front
illuminated InGaAs detector arrays with guard-ring, as
the pixel pitch is reduced, the guard-ring to PN junc-
tion distance should be as small as possible. However,
one of the basic principles in detector design is that the
guard-ring structure should not affect the signal of the
PN junction area itself. As shown in Fig. 7, the PN
junction area of a detector with a guard-ring to PN
junction distance of 7pm reduced by about 4pm com-
pared to the detector without guard-ring.

Thus based on the experimental data and system
precision to date, the appropriate guard-ring to PN

junction distance should be between 7 and 12pm.

3 Conclusions

The planar-type InP/InGaAs/InP hetero-structure
photodiodes with different guard-ring to PN junction
distances of 10, 15, 20 and 25 um were fabricated with
sealed-ampoule method. According to AFM and SCM
measurement, the actual guard-ring to PN junction dis-
tance of the photodiode was calculated as 7, 12, 17
and 22um, respectively. The LBIC signal of the photo
detectors was measured. It was indicated that LBIC
signal of the photodiode without guard-ring fit well with
the exponential decay function, while the LBIC signal
of the photodiode with guard-ring could be described
by the Gaussian function. Based on the Gaussian func-

tion, the photo-carrier diffusion lengths of photodiodes

with guard-ring were deduced as L =x, + w ~2. The
extension value of the photo-sensitive area would de-
crease linearly as the guard-ring to PN junction dis-

tance decreased.

REFERENCES

[1]O0lsen G H, Joshi A M, Ban V S. Current status of InGaAs
detector arrays for 1 ~3um[J]. SPIE, 1991 ,1540;596—
605.

[2]Hoffman A, Sessler T, Rosbeck J, et al. Megapixel InGaAs
arrays for low background applications[ J]. Proc. of SPIE
2005,5783 :32—38.

[3]Dixon P, Masaun N, Evans M, et al. Monolithic planar In-
GaAs detector arrays for uncooled high sensitivity SWIR im-
aging[ J]. Proc. of SPIE 2009. 7307 :730706-1-12.

[4]MacDougal M, Geske J, Wang C, et al. Low dark current
InGaAs detector arrays for night vision and astronomy [ J ]
Proc. of SPIE 2009,7298 .72983F-1-10.

[ 5] Application note of Goodrich, Crosstalk limits in monolithic
InGaAs photodiode arrays[ R] Rev. B, 2006, 1—4.

[6]Lange M J, Successful detector design is a game of give and
take[ J|. Photonics Spectra ,2005,39(4) .70—77.

[7 ]Ettenberg M H, Lang M J, Sugg A R, et al. Zinc diffusion
in InAsP/InGaAs hetero structures[ J |. Journal of Electron-
ic Materials ;1999 ,28(12) :1433—1439.

[8]Yin H, Li T X, Wang W J, et al. Scanning capacitance mi-
croscopy investigation on InGaAs/InP avalanche photodiode
structures; Light-induced polarity reversal [ J ]. Applied
Physics Letters 2009 ,95(9) :093506-1.

[9]0ng V K S, Wu D, Determination of diffusion length from
within a confined region with the use of EBIC[J]. [EEE
Transactions on Electron Devices 2001 ,48(2) :332—337.



