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QUANTUM EFF IC IENCY O PT IM IZAT IO N O F
InP2BASED In0. 53 Ga0. 47 As PHO TODETECTO RS
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(1. State Key Laboratory of FunctionalMaterials for Informatics, Shanghai Institute ofM icrosystem

and Information Technology, Chinese Academy of Sciences, Shanghai　200050, China;

2. Postgraduate School, Chinese Academy of Sciences, Beijing　100039, China)

Abstract:A modified physical model on the op tical response of InP2based In0. 53 Ga0. 47A s P IN photodetectors was p resented.

By introducing a collecting factor, the op tical response and quantum efficiency were simulated. The influences of device pa2
rameters on quantum efficiency of typ ical In0. 53 Ga0. 47A s/ InP P IN photodetectors under both front and backside illum inated

conditions were investigated by using our model. Furthermore, two modified InGaA s/ InP PD structures for back2illum ina2
tion were p roposed, and the op timal structural parameters were discussed.
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InP基 In0. 53 Ga0. 47 As光电探测器的量子效率优化

田招兵 1, 2 , 　顾 　溢 1, 2 , 　张永刚 1

(1. 中国科学院上海微系统与信息技术研究所 信息功能材料国家重点实验室 ,上海 　200050;

2. 中国科学院研究生院 ,北京 　100039)

摘要 :建立了不同结构的 InP基 P IN型 In0. 53 Ga0. 47 A s探测器光响应的物理模型. 通过引入收集效率函数 ,模拟计算
了探测器量子效率和光响应. 采用该模型分别研究了正面进光和背面进光情况下典型的 In0. 53 Ga0. 047A s/ InP P IN探
测器的结构参数对器件量子效率的影响 .在此基础上提出了两种改进的背照射 InGaA s/ InP探测器结构 ,并讨论了
其结构参数的优化.
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In troduction

InP2ba sed sho rt2wave2infra red ( SW IR ) In2
GaA s pho tode tec to rs ( PD s) and the ir a rrays

[ 1～3 ]

have been u sed in various app lica tions inc lud ing re2
mo te sensing and im aging

[ 1 ]
, whe re h igh sensitivi2

ty and low2no ise a re two key po in ts of concern. The

quan tum effic iency (Q E) and the responsivity, as

well as the dark curren t, a re the mo st impo rtan t de2
vice param e te rs of the PD s. The dark curren t be2
havio r of InGaA s PD s ha s been extensive ly stud ied

in our p revious wo rks
[ 4～6 ]

.

In th is paper, a mod ified physica l mode l used

fo r Q E op tim iza tion of InP2based In0. 53 Ga0. 47 A s

PD s is demonstra ted. In th is mode l, a co llec ting

fac to r is in troduced and p roper param e te rs of the

m ate ria ls a re adop ted. B ased on th is mode l, the

Q E of typ ica l In0. 53 Ga0. 47 A s/ InP P IN PD s under

fron t and backside illum ina ted cond itions w ith d if2
fe ren t dop ing leve ls and the th icknesses of abso rb2
ing layer a re investiga ted in de ta il. Fu rthe rmo re,

two modified struc tu res fo r back2illum ina tion are

p ropo sed, and the re la tionsh ip s of the ir struc tu ra l

pa ram ete rs w ith Q E are sim ula ted.
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1　Physica l m odel and param eters

In P IN PD s, photo2carriers induced by incident

photons ( hν> Eg ) are separated by the electric field

to the opposite side of the junction, and consequently

photo2current is generated. The photo2current consists

of two parts: photo2carriers generated in the dep letion

layer, and photo2carriers generated outside the dep le2
tion region that diffused into the dep letion layer

[ 7 ]
.

For typ ical In0. 53 Ga0. 47 A s/ InP PD s as schemati2
cally shown in Fig. 1, the generation rate g1 ( x) of e2
lectron2hole pairs in In0. 53 Ga0. 47 A s absorbing layer is

given by[ 7 ]

g1 ( x) = P ( x) ·α1 = P0 ·e
-α2d2 ·e

-α1·x ·α1 　, (1)

where P0 is the incident light power, α1 andα2 are the

absorp tion coefficient of In0. 53 Ga0. 47 A s and InP, re2
spectively.

Fig. 1　Schematics of front illum inated In0. 53 Ga0. 47 A s P IN

photodetector
图 1　正入射 In0. 53 Ga0. 47A s P IN探测器示意图

Since electrons and holes in the dep letion layer

are moving very fast in the electric field, recombination

in the dep letion region is negligible
[ 8 ]

. And the influ2
ence of band discontinuity on carrier transport at the

junction is also neglected in our model
[ 7 ]

. Therefore

the collecting factorη ( x ) in the dep letion region is

close to unity. A ssum ing the collecting factor outside

the dep letion layer decreases exponentially with the m i2
nority carrier diffusion length Lh1 , η1 ( x) in the In0. 53

Ga0. 47 A s layer can be written as

η1 ( x) =
1, l1 ≥ x ≥ 0

e
-

x
L h1 , d1 ≥ x ≥ l1

　. (2)

The photocurrent contributed from the n - - In0. 53

Ga0. 47 A s absorber layer is

JR1 = ∫
d1

0

g ( x) ·η( x) dx 　, (3)

Sim ilarly, the photo2current contributed from P
+ 2InP

cap layer can be deduced. Thus the total photo2current

could be calculated.

Careful choice of the material parameters is of

great importance in acquiring accurate modeling p re2
dictions

[ 7, 8 ]
, especially the key electrical and op tical

parameters, such as m inority2carrier lifetime, mobili2
ty, absorp tion coefficient, etc. Some widely investiga2
ted III2V material parameters are available in related

papers
[ 9～12 ]

and handbooks
[ 13, 14 ]

, yet others still lack

of reliable data. Among these key parameters, the m i2
nority carrier lifetime (τ) and absorp tion coefficient

(α) have direct effects on modeling accuracy.

Fig. 2　 In0. 53 Ga0. 47 A s m inority2carrier lifetimeτ as a func2
tion of dop ing concentration D at 300K
图 2　300K下 In0. 53 Ga0. 47 A s少子寿命 τ与掺杂浓度 D

的关系

The m inority2carrier lifetime of In0. 53 Ga0. 47 A s as a

function of carrier concentration used in our simulation

is p lotted in Fig. 2, where the quasi2emp irical model

p roposed by R. K. Ahrenkie
[ 15 ]

is adop ted in combina2
tion with the consideration of photon recycling effect

[ 16 ]

of double heterostructures by introducing a re cycling

factor of 10 [ 17, 18 ] . The values of some key parameters

used in our simulation are summarized in Table. 1.

2　QE optim iza tion

InGaA s PD s for op tical communication app lica2
tions emphasize particularly on the frequency character2
istic, then the QE and dark current. W hile for remote

sensing app lications, the QE and dark2current are the

p rimary concern . In array app lications the total noise

28
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表 1　Som e key param eters of In0. 53 Ga0. 47 A s and InP used
in our ca lcula tion s

Table 1　计算中用到的 In0. 53 Ga0. 47 A s和 InP材料的部分关
键参数

P +
- InP In0. 53 Ga0. 47A s

α@1. 65μm ( cm - 1 ) 5 [ 10, 11, 14 ] 2. 9 ×104 [ 13 ]

Eg ( eV) 1. 331A 0. 74

N C ( cm - 3 ) 5. 72 ×1017 2. 08 ×1017

NV ( cm - 3 ) 1. 14 ×1019 7. 56 ×1018

D e ( cm2 / s) 130 300

D h ( cm2 / s) 5 7. 5

τ ( ns) 0. 5 [ 12 ]B See Fig. 2

A: band2gap narrowing due to heavily dop ing is considered.

B: τof n2doped InP is 1～2ns[ 13 ] , 1ns is adop ted in our simulation

arises from both the PD s and the read2out circuit

(ROC). In lattice matched case, the total noise is u2
sually dom inated by ROC rather than PD s, therefore

the op tim ization of QE becomes the main concern.

Since the op tical response of PD s mainly comes

from InGaA s absorbing layer, which is directly p ropor2
tional to QE, the influence of i2layer parameters ( i. e.

i2layer thickness and dop ing concentration) on the in2
ternal QE of these In0. 53 Ga0. 47 A s PD s around peak

wavelength is mainly investigate in this paper.

2. 1　Fron t2illum ina ted InGaA s PD

The influence of i2layer thickness and dop ing con2
centration on internal QE of front illum inated In0. 53

Ga0. 47 A s PD s is shown in Fig. 3. The QE decreases

slowly as the dop ing concentration increases, and in2
creases monotonously with i2layer thickness until satu2
ration occurs. It could be deduced that, under front il2
lum inated condition, i2layer thickness of 1. 5～2 (μm

is thick enough to reach higher QE, whereas the op ti2
mal dop ing concentration should be a trade2off between

QE and dark current. W hen the PD with n - - In0. 53

Ga0. 47 A s thicker than 1. 5μm and dop ing concentration

around 2～5E16cm - 3 , internal QE above 90% could

be achieved.

2. 2　Back2illum ina ted InGaA s PD

A s shown in Fig. 4, as for typ ical In0. 53 Ga0. 47 A s/

InP PD under back2illum ination, the internalQE firstly

increases with the augment of i2InGaA s layer thickness

d1 and then decreases as d1 gets thicker. The higher

the i2layer dop ing concentration is, the faster the QE

decreases as i2layer becomes thicker. Simulation re2
sults indicate that the internal QE around 80% could

Fig. 3 　 Internal quantum efficiencyηQ of front2illum inated

typ ical P IN InGaA s/ InP PD as a function of ( a) i2layer do2
p ing concentration D i at various i2layer thicknesses ( b) i2lay2
er thickness di with different i2layer dop ing concentrations

图 3　正进光时 P IN型 InGaA s/ InP探测器内量子效率ηQ

( a)在不同 i层厚度下与 i层掺杂浓度 D i的关系 ( b)在不

同 i层掺杂下与 i层厚度 di的关系

be achieved when the back2illum inated In0. 53 Ga0. 47 A s

PD with n
-

- InGaA s thickness around 0. 8～1. 2μm

and dop ing concentration below 5E16cm - 3.

2. 3　Two other structures for back illum ina tion

It is noticed from above analysis that for typ ical

In0. 53 Ga0. 47 A s/ InP PD s under backside illum ination,

op timal QE requires a relatively thin n
- 2InGaA s ab2

sorbing layer. But a thinner absorbing layer is not suf2
ficient for collecting all incident photons. Hence, it is

not suitable for the required high2sensitivity app lica2
tions.

In order to further imp rove the internal QE of

In0. 53 Ga0. 47 A s PD s for back illum ination, homojunction

or multi2layer heterostructures can be used. However,

PD s with homojunctions suffer from soft reverse I2V
characteristics which results in a higher dark current.

Here a modified structure with a thin InP barrier layer

inserting between the p2InGaA s and n2InGaA s layers is

adop ted. The InP barrier would slightly reduce the op2
tical response from the upper2InGaA s layer (when the

lower2InGaA s layer thickness > 1μm, the QE comes

38
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Fig. 4　 ( a) Schematics of InGaA s/ InP PD under back illum ina2
tion, where P is the light power and d is the distance ( b) inter2
nal quantum efficiencyηQ of InGaA s/ InP P IN PD as a function of

i2InGaA s thickness d1 at various dop ing concentrations

图 4　 ( a) InGaA s/ InP探测器背面照射示意图 ,其中 P为光
功率 , d为距离 ( b) InGaA s/ InP双异质结型 P IN探测器在背
照射时内量子效率ηQ在不同掺杂浓度情况下随 I层厚度 di

的变化情况

from the upper2InGaA s < 2% ) , but it would effective2
ly block the photo2carriers to diffuse towards the sur2
face, thus the surface recombination would be greatly

supp ressed. The QE of two modified structures for back

illum ination based upon above analysis is calculated.

The influence of structural parameters on internalQE is

also investigated.

The structure 1 is a n2on2p stack as shown in Fig.

5. The dop ing concentration of P+ 2InP cap layer is set

as 2E18cm
- 3

. The influence of n
- 2InGaA s absorbing

layer thickness at various dop ing concentrations on QE

is calculated. A s p lotted in Fig. 5, the total QE increa2
ses logarithm ically with n - 2InGaA s thickness, and the

contribution of N
+ 2InGaA s cap layer becomes negli2

gible when the absorbing layer is thicker than about

1μm. Considering the trade2off between the QE and

dark current, an internal QE above 95% can be a2
chieved in the back2illum inated PD1 with n - 2In0. 53

Ga0. 47 A s layer thicker than 1. 5μm and dop ing concen2

Fig. 5　The influence of i2layer thickness dn2InGaA s and dop ing

concentration on internal quantum efficiency ηQ _Total and

ηQ _N + 2InGaA s of back2illum inated InGaA s/ InP PD1, the insert

is schematic drawing of back2illum inated PD structure 1
图 5　背照射 PD1内量子效率ηQ _Total和ηQ _N + 2InGaA s与 i层
层厚 dn2InGaA s和掺杂浓度的关系 ,插图为背照射结构 PD1

的示意图

Fig. 6 　 The influence of structural parameters on internal
quantum efficiencyηQ _Total andηQ _P + 2InGaA s of back2illum inated

InGaA s/ InP PD2, the inset shows schematic drawing of back2
illum inated PD structure 2

图 6　背入射结构 PD2中 n - 2InGaA s层结构参数对内量
子效率 ηQ _Total与 ηQ _P + 2InGaA s的影响 ,插图为背入射结构
PD2示意图

tration around 2～5E16cm - 3.

The structure 2 with a p2on2n configuration for

back2illum ination is schematically shown in Fig. 6. The

0. 2μm p2InP barrier layer doped to 1E18cm
- 3

is kep t

constant in our simulation. And the total thickness of

n - 2InGaA s and P+ 2InGaA s layer is assumed to be

2μm.

A s shown in Fig. 6, with the increase of d2 , the

total QE firstly increase and then decreases slowly. The

contribution from P
+ 2InGaA s layer decreases with the

increase of n - 2InGaA s layer thickness. The internal

QE of 90% could be achieved with the thickness of

n
- 2InGaA s layer around 0. 5～1. 0μm and the dop ing

concentration around 2E16cm
- 3

, and moderate dark

48
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current characteristic could also be expected. The p2
InP barrier layer concentration also has a slight influ2
ence on internal QE, which is found to be app rop riate

at higher dop ing levels. However, considering the in2
ter2diffusion effect during the growth, the concentration

of p2InP barrier layer around 5E17～1E18cm
- 3

is p ref2
erable.

3　Conclusion s

In conclusion, a physical model of P IN PD s for

op tical response op tim ization is established. The op ti2
cal response p roperties of several lattice2matched In2
GaA s/ InP PD structures under front and backside illu2
m inated configurations are investigated in detail, and

the op timal parameters for higher QE are also dis2
cussed. Combining this model with dark current analy2
sis

[ 4～6 ]
, further op tim ization on SNR and detectivity of

InGaA s/ InP P IN PD s and arrays could be realized.
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