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QUANTW EFFICIENCY OPTIM IZATIONOF
INP-BASED Iny 53 Gay 47 ASPHOTODETECTORS
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Abstract: A modified physical model on the optical reponse of InP-based In, ; Ga, A s PN photodetectorswaspresented

By introducing a collecting factor, the optical reponse and quantum efficiency were smulated The influencesof device par
raneterson quantum efficiency of typical In, 53 Ga, ,7A s/ INP PN photodetectors under both front and backside illuminated
conditionswere investigated by using our model Furthemore, two modified InG&A s/ InP FD structures for back-illunina

tion were proposed, and the optimal structural paraneterswere discussed
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Introduction

InP-based shortwave-infrared ( SN IR) In-
GaA s photodeteciors (PD's) and their arrays'* *
have been used in various app lications including re-
mote sensing and 'maging”] , Where high sensitivi-
ty and low-noise are wo key pointsof concern The
quantum efficiency (QE) and the regonsivity, as
well as the dark current, are themost mportant de-
vice paraneters of the PDs The dark current be-
havior of InGaA s PD s has been extensively studied
in our previousworké4 o,
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In thispaper, amodified physical model used
for QE optimization of InP-based Inys;3 Gay 47 AS
In this model, a collecting
factor is introduced and proper paraneters of the
materials are adopted Based on this model, the
QE of typical Inys3 Ga, 47 As/InP PN PDs under
front and backside illuminated conditionswith dif-

PD s is demonstrated

ferent doping levels and the thicknesses of absrb-
ing layer are investigated in detail Furthemore,
two modified structures for back-illumination are
proposed, and the relationships of their structural

paraneterswith QE are smulated
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1 Physical model and param eter s

In PN FDs phot-carriers induced by incident
photons (W > Eg) are sparated by the electric field
to the opposite side of the junction, and consequently
photo-current is generated The phot-current consists
of o parts photo-carriers generated in the depletion
layer, and photo-carriers generated outside the deple-
tion region that diffused into the depletion layer .

For typical Inys; Ga 7 As/ InP FDs as schenati-
cally shavn in Fig 1, the generation rate g, (x) of e
lectron-hole pairs in In, 53 Ga 4, A s aborbing layer is
given by'”!

g (x) =P(x)-0; =Py gh2. gt o, , (1)
where P, is the incident light powver, 0 ; andd , are the
abmption coefficient of Inys; Ga o As and InP, re-
Pectively

Since electrons and holes in the depletion layer
are moving very fast in the electric field, recombination
in the depletion region is negligible[g]. And the influ-
ence of band discontinuity on carrier trangort at the
junction is al® neglected in our model”!. Therefore
the collecting factorn (x)
cloee © unity Asaming the oollecting factor outside
the depletion layer decreases exponentially with the mi-
nority carrier diffusion length Ly, N1 (x) in the Inyss

in the depletion region is

Ga A s layer can bewritten as

1, L= x=20
N, (x) = - . (2)
etm, d =2 x= |

The photocurrent contributed fram the n” - Iy s
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Fig 1 Schematics of front illuminated In, 53 Ga 7AS PN
photodetector
1 Iny s Gay sASPN

Ga, A s aborber layer is

dl

Jna :E.P(X)'” (x) dx (3)

Smilarly, the phot-current contributed from P’ -InP
cap layer can be deduced Thus the total photo-current
could be calculated

Careful choice of the material parameters is of
great importance in acquiring accurate modeling pre-
dictions”® | egecially the key electrical and optical
parameters, such as minority-carrier lifetime, mobili-
ty, absomption coefficient, etc Somewidely investiga-
ted 111"V material paraneters are available in related
papers® ' and handbooks™ ™, vyet others till lack
of reliable data Among these key parameters, the mi-
nority carrier lifetime (T ) and absomption coefficient
@) have direct effects on modeling accuracy.

The minority-carrier lifetme of In, 53 Gay sAS as a
function of carrier concentration used in our smulation
isplotted in Fig 2, where the quasi-empirical model
proposed by R K Ahrenkie ™ isadopted in combina-
tion with the consideration of photon recycling effect
of double heterostructures by introducing a re cycling
factor of 10 *"**'. The values of sme key paraneters
usd in our smulation are mmarized in Table 1

2 QE optim ization

INnGaA s FD s for optical canmunication gpplica-
tions enphasize particularly on the frequency character-
istic, then the QE and dark current W hile for ranote
sensing goplications, the QE and dark-current are the

primary concem. In array goplications the total noise
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Fig 2 Iny 5 Ga A sminority-carrier lifetimet as a func-

tion of doping concentration D at 300K
2 300K Iy ss Gay 7AS T D
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1 Same key parameters of Ing g Gag Asand InP usd
in our calculations

Table 1 INg 53Gaq sAS InP
P’ INPIn, 55Gay ,7A S
o @L 63 m (U‘n'l) 5l10,11,14] 2 9 x10% (81
Eg (&) 1 331* 0 74
Ne (am™?) 5 72 x 10" 2 08 x10"
Ny (am~3) 1 14 x10%° 7. 56 x10%®
D.(an?/9 130 300
Dy, (am?/9) 5 75
1 (n9 o 51218 See Fig 2

A: band-ggp narrowing due o heavily doping is considered
B: T of n-doped InP is1 2nd®®! 1nsisadopted in our smulation

arises fram both the FDs and the read-out circuit
(ROC). In lattice matched case, the fotal noise is u-
qually dominated by ROC rather than FD s therefore
the optimization of QE becomes the main concem

Since the optical repponse of FD s mainly cames
fran InG&A s absorbing layer, which is directly propor-
tional o QE, the influence of i-layer parameters (i e
i-layer thickness and doping concentration) on the in-
ternal QE of thee In s Ga 4 As FDs aound peak
wavelength ismainly investigate in this pgper
2 1 Front-illum hated INGaA s PD

The influence of i-layer thickness and doping con-
centration on internal QE of front illuninated In, 55
Ga ,As s is shovn in Fig 3 The QE decreases
sowly as the doping concentration increases, and in-
creasesmonotnoudy with i-layer thickness until satu-
It could be deduced that, under front il-
luminated condition, i-layer thicknessof L. 5 2 Um
is thick enough to reach higher QE, whereas the opti-
mal doping concentration should be a trade-off betveen
QE and dark current When the FD with n” - Iny 53
Ga, ,A s thicker than 1 31 m and doping concentration
aound 2 5E16an”°, interal QE above 90% could
be achieved
2 2 Back-illun nated InGaAsPD

A s shown in Fig 4, as for typical In, 53 Gay 57A S/
INP FD under back-illumination, the internal QE firstly
increaseswith the augment of i-InGaA s layer thickness
d, and then decreases as d, gets thicker The higher
the i-layer doping concentration is, the faster the QE
decreases as i-layer becomes thicker
aults indicate that the intemal QE amund 80% could

ration occurs

Smulation re-
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Fig 3 Intemal quantum efficiencyn, of front-illuminated
typical PN InGaA s/ InP FD as a function of (a) i-layer do-
ping concentration D, at various i-layer thicknesses (b) i-lay-
er thickness d; with different i-layer doping concentrations

3 PN INGaA s/ InP No
(a) i i D, (b)

i i d;

be achieved when the back-illuminated In, 53 Ga, ;A S
D with n” - InGaA s thicknessaround 0. 8 1 2I'm
and doping concentration belov 5E16am " °.
2 3 Two other structuresfor back illum nation

It is noticed from above analysis that for typical
Iy 53 Gay .7 As/ InNP FD' s under backside illumination,
optimal QE requires a relatively thin n" -InGaA s ab-
rbing layer But a thinner aborbing layer is not suf-
ficient for collecting all incident photons Hence, it is
not suitable for the required high-sensitivity goplica-
tions

In order o further mprove the intemal QE of
Iny 53 Ga, 47A s FD s for back illumination, homojunction
or multi-layer heterostructures can be used However,
FD swith hamojunctions auffer fram <ft reverse IV
characteristicswhich reaults in a higher dark current
Here amodified structure with a thin InP barrier layer
ingerting betveen the p-InGaA s and n-InGaA s layers is
adopted The InP barrierwould slightly reduce the op-
tical reponse fram the upper-InGaA s layer (when the
lover-InGaA s layer thickness > M m, the QE comes
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Fig 4 (a) Schematicsof INnGaA s/ InP FD under back illumina-
tion, where P is the light paver and d is the distance (b) inter-
nal quantum efficiencyn , of INGaA s/ InP PN FD as a function of
i-ING&A s thickness d, at various doping concentrations
4 (a) InGaAs/InP , P
,d (b) INGaA s/ InP PN
Nq ! d

from the upper-InGaA s <2%) , but itwould effective-
ly block the photo-carriers o diffuse towards the sur-
face, thus the surface recambination would be greatly
auppressed The QE of o modified structuresfor back
illumination based upon above analysis is calculated
The influence of structural parameterson interal QE is
alo investigated

The structure 1 isa n-on-p stack as shown in Fig
5 The doping concentration of P* -InP cap layer is st
as2E18am °. The influence of n” -InGaA s abrbing
layer thickness at various doping concentrations on QE
iscalculated A splotted in Fig 5, the total QE increa-
s logaritmically with n” -InGaA s thickness, and the
contribution of N -InGaA's cgp layer becomes negli-
gible when the absrbing layer is thicker than about
1 m  Consdering the trade-off betwveen the QE and
dark current, an internal QE above 95% can be a-
chieved in the back-illuminated FD1 with n -l s
Ga, A s layer thicker than 1 34 m and doping concen-
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tration around 2 5E16am”°.

The structure 2 with a p-on-n configuration for
back-illumination is schematically shovn in Fig 6 The
Q 2! m p-InP barrier layer doped o 1E18am ° is kept
constant in our smulation And the total thickness of
n -InGaAs and P’ -InGaA s layer is asamed © be
2am

A s shown in Fig 6, with the increase of d,, the
total QE firstly increase and then decreases dowly. The
contribution from P* -InGaA s layer decreaseswith the
increase of n" -INnGaA s layer thickness The intemnal
QE of 90% ocould be achieved with the thickness of
n -INGaAslayeraound 0 5 1 M m and the doping

3

concentration around 2E16an °, and moderate dark
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current characteristic could al® be expected The p-
InP barrier layer concentration al© has a dight influ-
ence on internal QE, which is found to be gppropriate
at higher doping levels However, considering the in-
ter-diffusion effect during the growth, the concentration
of p- InP barrier layer around 5E17 1E18an”® ispref-
erable

3 Conclusions

In conclusion, a physical model of PN FDs for
optical reponse optimization is established The opti-
cal repponse properties of several latticematched In-
GaA s/ InP FD structures under front and backside illu-
minated configurations are investigated in detail, and
the optimal parameters for higher QE are al® dis
cused Cambining thismodel with dark current analy-
sis* ® | further optimization on SNR and detectivity of
INGaA s/ InP PN FD s and arrays could be realized
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