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时域有限差分法模拟量子阱红外探测器光栅的光耦合 
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摘要：由于量子选择定则的限制，对于量子阱红外探测器(QWIP)，必须利用衍射光栅增强其光学偶 合效率．本 给 

出了一种基于时域有限差分法(FDTD)的数值方法，计算制备在 QwIP器件上的金属光IjjI}的衍射÷女应．馍拟计算的 

结果表明，FDTD方法是解析这种复杂结构内电磁场问题的有效手段．可以计算 QwIP器件内各点电磁场所有兮量 

的详细分布，进而可以估算衍射光栅的偶合效率，以及优化QwIP结构设计． 

关 键 词：量子阱红外探测器(QwIP)；时域有限差分法(FDTD)；衍射光栅 

Introduction 

During the past decade，the quantum well infrared 

photodetectors(QwIP)have attracted much research 

attention for their advantage，i．e．high speed and very 

long wavelength availability ，in large focal plane ar— 

ray(FPA)．However，quantum selection rules only al— 

low the detection of the incident light with electric field 

component perpendicular to the quantum well planes． 

That means that the electric field of the incident light 

which is always parallel to the quantum well planes 

cannot be absorbed by the quantum wel1．One solution 

is to fabricate a grating above the quantum well plane， 

so that some of the incident light propagates at some 

angles other than the perpendicular direction and be— 

comes absorbable for QWIP -3 4；．In this way．the 

grating improves the optical coupling between the inci— 

dent light and QWIP．One typical grating is a periodi— 

cally a~anged matal patches or holes in the same di— 

mension of wavelength ．Obviously the optical COU— 

pling efficiency depends on the wavelength of incident 

light，the grating structure and its position．Some au— 

thors have studied the topic as a scalar diffraction 

process with Huygen s principle 5- 
． The light intensi— 

Received date：2004-叭 -20，revised date：2004-08-27 收稿日期：2004-叭 ·20。修回Et期：2004-08-27 

Foundation item：The project supported by“973”State Key Basic Research Program of China(2001CB610407) 

Biography：SHU Xiao-Zhou(1968一)，male。Anhui Chuzhou，doctor of physics，Research d ．I is condensed matter physit‘s 

维普资讯 http://www.cqvip.com 

第 23 卷第 6 期

2∞4 年 12 月

红外与毫米波宇:报
J. Infrared Millim. Waves 

飞。1. 23 , No.6 

Dt'cembt'r . 2004 

文章编号: 1ω1 -9014(2ω4)06 -0401 -04 

FINITE DIFFERENCE TIME DOMAIN MODELING 
OF GRATING帽COUPLED QUANTUM WELL 

INFRARED PHOTODETECTOR 

SHU Xíao四川ou ， WU Yan-Ruí , CHEN Xiao-Shua吨 CHU Jun-Hao 

(Na!ional Labora!ory for lnfrared Physics , Shanghai Ins!i!u!e of Technical Physics , 

Chinese Academy of 如lenc时，只hanghai 2仪)()83 ， China) 

Abstract: Diffrac!ion gra!ing is indispensable for quan!um well infrared pho!ode!ec!org ( QWIP) in order !o improVt' op!i('al 
coupling because of !he limi!a!íon of quan!um 附lec!ion rules. A numerical approach based on fini!e dif仆ren(' t' !ime dOlllain 
( FDTD) me!hod was presen!ed for investiga!ing !he diffraction effe('! of a metal grating fabricated in QWIP. Simulation re
sults demonstrate !hat such a eomplica!ed s!ruc!ure can be optimized by el时tromagnetk、 analysis based un th t' FDTD OJ t'th
叫. Detai!ed field dis!ribution ínsid t' QWIP can be obtained for 制tímatíng the op!ícal couplíng efficíency of th t' gra!ing. 
Key words: quantum well ínfrared photodetector( QWIP); finite diff俨rence !íme domain( FDTD) ; diffraeting gra!ing 
CLC nurnber: 7820P Document c叫e. A 

时域有限差分法模拟量子阱红外探测器光栅的光搞合
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摘襄;由于最子选择定则的限制，对于最子阱红外探测器 (QWIP) ，必须利用衍射光栅增强其光学销合吹来a 才又飞纷

出了一种基于时域有限差分法( FDTD) 的数值方法，计算和l 备在 QWIP 器件上的金属光栅的衍射坟巨"模拟计算的
结果表明，FDTD 方法是解析这种复杂结构内电磁场问题的有效孚段可以计算 QWIP ~件内各点电俗场所有 8"]量

的详细分布，进而可以估算衍射光 1珊的祸合效寨，以及优 11: QWIP 结构设计.
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Introducûon 

During the past decade. the quantum well infrared 

photodetectors ( QWIP) have attracted much research 

attention for their advantage , i. e. high speed and very 

long wavelength availability[ J J • in large focal plane ar翩

ray ( FP A). However , quantum selection rules only al唰

low the detection of the íncident light with electric field 

component perpendicular to the quantum well planes. 

That means that the electric field of the incìdent líght 

which is always parallel to the quantum well planes 

cannot be absorbed by the quantum well. One solution 

is to fabricate a grating above the quantum well plane , 

so that some of the incident light propagates at some 

angles other than the perpendicular direction and be

comes absorbable for QWIP[ J 伽川 • In this way , the 

grating improves the optìcal coupling between the inci唰

dent light and QWIP. One typical grati吨 is a pcriodi

cally arranged matal patches or hole自 in the same di唰

mension of wavelength [5 J. Obviously the optical c明1-

pling efficiency depends on the wavelength of incident 

!íght , the gratíng structure and its positìon. Some au

thors have studied the topic as a sealar diffraction 

process with Huygen I s principle: J.5. The light inten叫"
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ty absorbed by the QWIP is then estimated with the 

wave vector parallel to the quantum well plane．Strictly 

it is not the exact ease that the quantum selection sules 

require，and the boundary condition at the grating in— 

terrace has to be greatly simplified．In this paper，a 

numericM approach based on FDTD is developed to 

simulate diffraction effect of metal grating on QWIP． 

The only obstruction of its application is the high re— 

quirement on computer resources．How to decrease the 

requirement is an important research topic for 

FDTD ．As regard to QWIp with metal grating，it is 

found that periodical boundary conditions are applica— 

ble to decrease the computational requirement greatly． 

A typical QWIP element is calculated as an example． 

All components of electromagnetic field are accurately 

obtained at any position inside the QWIp，which is 

used for investigating the diffraction effect of the metal 

grating． 

1 Methodology 

For numerical solution of Maxwell s equations． 

one main difficulty is the coupling between electric and 

magnetic fields，which is expressed as： 

V ×E =一 V ×H ： E + OE
． (1) 

The novel solution in FDTD method is to discretize 

the interested region into Yee s cells ．Within the 

rectangular cell，all the components of electromagnetic 

fields are positioned at different points so as to imple— 

ment finite difference from of the coupled equations 

conveniently．At each time step，components of elec— 

tric field are updated with corresponding components of 

magnetic field at previous time step，and vice versa． 

Th e iteration algorithm for Z component of electric field 

is ven as： 

“( +T1)： ( +÷)+ [ ÷( +÷ +÷) 
一  专( 一÷， +÷)]+ f 告( 一÷)一 ÷( √+÷， 

1)]
， (2) 

where i，J，k denote the numbers of Yee s cell，n is in— 

dex of time step，△ ，△ and Az describe the size of 

three dimensional cell，At is time step，and 8 
，J， 
is e— 

lectric permittivity at the cel1．Algorithm for other com— 

ponents of electromagnetic field has a similar form． 

Z 

Y 

Reflectinglayer 

Substrate 

Fig．1 Schematic structure of QWIP with diffraction grating 

图l 具有衍射光栅的红外量子阱探测器结构图 

Yee cell size
I 
must be of tenths of an incident wave— 

length in order to avoid numerical inaccuracy． The 

time step must be kept small enough to prevent from 

dispersion in time iteration．The critical value can be 

estimated from cell size and light speed as： 

△t： 

+ + 

In the computation，Mur s absorption boundary 

condition is employed l 
． For normal incident wave． 

the first order Mur s absorption boundary condition can 

give high accuracy，and the reflectance is zero． But 

the reflectance will be about 0．1 7 if the incident angle 

is 45。．The first order Mur s absorption boundary con— 

dition(ABC)is applied only at the edges of the re一 

gion．For non—edge points at ABC boundary，Mur s 

second order ABC is enforced．It is much more compli— 

cated in mathematics than the first order one．The re． 

flectance will be about 0．03 in the case of the incident 

angle as 45。．While the region contains ideal conduc— 

tor，special boundary condition must be enforced．All 

electromagnetic field components disappear inside ideal 

conductor．At interface between ideal conductivity and 

dielectric，the electric field is always perpendicular to 

the surface of the ideal conductor，and magnetic field 

parallel to it． 

2 Numerical experiment 

A typical structure of QWIP with metal grating is 

depicted in Fig．1．The QWIP consists of multiple 

quantum wells and a two—dimensional grating above it． 

The grating is actually a pattern of periodically ar一 

{ {  
l l l  』 {  l{ i  i  ? f 
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ty absorbed by the QWIP is then estìmated wìth the 

wave vector parallel to the quantum well plane. Strictly 

it is not the exact case that the quantum selection sules 

require , and the boundary condìtion at the grating ìn

terface has to be greatly simplified. In this paper , a 

numerical approach based on FDTD is developed to 

simulate diffraction effect of metal gratìng on QWIP. 

The only obstruction of its application is the high re

quìrement on computer resources. How to decrease the 

requirement is an important research topic for 

FDTD[7J. As regard to QWIP with metal grating , it is 

found that periodical boundarγconditions are applìca制

ble to decrease the computational requirement greatly. 

A typical QWIP element is calculated as an example. 

All components of electromagnetic field are accurately 

obtained at any position in日ide the QWIP , which is 

used for investigating the diffraction effect of the metal 

gratJag. 

1 Me伽odology

For numerical solution of Maxwell' s equations , 

one main difficulty is the couplìng between electrìc and 

magnetic fields , which is expressed as: 

θHθE 
'í7 x E =:牛 μ~ 'í7 xH =:σE+e一一( 1 ) 
rθ.. 8t 

The novel solutìon in FDTD method is to discretìze 

the interested region into Yee/ s cells[6J. Wìthìn the 

rectangular cell , all the components of electromagnetíc 

fields are positìoned at different poìnts so as to ìmple

ment finite difference from of the coupled equations 

convenìently. At each tìme step , components of elec幽

tric field are updated with corresponding components of 

magnetÎc field at previous tìme step , and vice versa. 

The ìteration algorithm for Z component of electric field 

1S gIven as: 

1 ,. 1 , rO ,... ), ÂI ,....4-,. g;+1 (川，们…叮(川 ， k ←斗十一……[町'Y(川一J ， k + 一)
2' e'J ,kLU"') 2ν2 

」占← 1 " Ât r ..n+.J:., . )，上 1
-H町寸τ引(i -一 k

2'" 2" e矶e叫J.kÂY

k 斗)]. (2) 

where i ,j , k denote the numbers of Yee / s cell , n ìs in翩

dex of tìme step , 4\x , 4\y and 4\z describe the size of 

three dìmensional cell , 4\t ìs time step , and Sì ，) 、 k is e

lectric pennittivity at the cell. Algorithm for other com

ponents of electromagnetic field has a similar fonn. 

可Y

d 

Eleß邸ting layer 

Substrate 

Fig , 1 Schemalic slruclure of QWIP wìlh diffraclÌon gralÌng 
图 1 具有衍射光栅的红外量子阱探测器结构图

Yee/ s cell siz飞 must be of tenths of an ìncident wave

length in order to avoid numerical ìnaccuracy. The 

time step must be kept small enough to prevent from 

dìspersìon in tìme ìteratìon. The critìcal value can be 

estìmated from cell size and lìght speed as: 

.1 t = 
/ 1 c /.一…τ+ …τ+ …一呵

'y .1x" .1 y" .1z" 

In the computation , Ml汀'自 absorption boundary 

condìtìon is employed [8 J. For normal incident wave , 

the first order Mur' s absorptìon boundary condition can 

gìve high accuracy , and the reflectance is zero. But 

the reflectance will be about O. 17 ìf the incìdent angle 

ìs 45 0
• The first order Mur' s absorption boundarγcon

dition ( ABC) is applied only at the edge日 of the re

想lon ‘ For non-edge poînts at ABC boundary , Mur' s 

second order ABC ìs enforced. It ìs much more compli

cated ìn mathematìc日 than the first order one. The re-

(3) 

flectance will be about O. 03 În the case of the ÎncÎdent 

angle as 45 0
• While the region contains ideal conduc

tor , special boundary condîtíon must be enforced. All 

electromagnetic field components dìsappear inside ideal 

conductor. At intetface between Îdeal conductìvÎty and 

dìelectrìc. the electric field Îs always perpendÎcular to 

the surface of the ideal conductor , and magnetic field 

parallel to i 1. 

2 Numerical experiment 

A typical structure of QWIP with metal grating ìs 

depÎcted ín Fig. 1. 叽le QWIP consists of multìple 

quantum wells and a two-dimensìonal grating above it. 

响le grating is actually a pattern of periodica11y ar-
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Fig·2 Poynting vector distribution at one moment f Y= 

6 m) 

图 2 某一时刻 Poynting矢量分布图(Y=6 m) 

ranged metal patches
，
in shape of circular

， rectangular 

etc·Between the quantum well plane and the grating 

there IS a spacing layer
， A reflection layer is inserted 

between the quantum well and the substrate to improve 

the light absorption．To mesh the regl‘on
．
the size of 

Yee s cell must be small enough to describe the struc
—  

tural details of the QwIP and far smaller than the 

wavelength．Special attention should be paid to the di
—  

electric layer，in which the large relative electric Der． 

mittivity leads to a decreased wavelength
． Generallv 

the grating may consist of hundreds of metal patches or 

m ore． 

If one simulates the QWIp as a whole．the task 

may lead to unacceptable requirement on computer 

memory and computing time．In fact
．
only the region 

correspoiading to one metal patch is needed to compute 

with FDTD because of the translation invariance
． The 

periodical boundary condition(PBC)is enforced at 

boundaries adjacent to other patches．At other bounda— 

ries， Mur s absorption boundary conditions aI_e en
—  

forced 

During the simulation
， incident plane wave is 

stimulated by electric dipoles at a plane before the gra卜 

ing．The electric dipoles oscillate with a certain fre
—  

quency corresponding to destined light wavelength
． The 

incident light can be linearly polarized along any direc— 

tion in X—Y plane．By the principle of superposition
，
it 

is then very convenient to investigate the non．polarized 

case． 

The metal patches of the grating are set as I_ectan—  

gular shape，with a=10Ixm
，
b=15Ixm．and thickness 

as 0．5 Ixm．W avelength of incident light is ch0sen as 

1 0 1~m(in air)，which is Y-polarized and propagates a— 

long Z direction． The relative electric pern】ittivitv of 

the spacing layer under the grating is assumed as 8
． 0． 

The size of Yee s cell is 0
． 125Ixm x 0．125um ×0

． 

1251xm，The total cell number is about 2
． 6m订1ion． 

Time step is set as 170ps
．
The simulation lasts 15000 

steps． 

A simple method to observe the diffraction efiect 

of the grating is to calculate Poyuting vector P
． At everv 

time step，all optical field components within the com
—  

puting region have been calculated with FDTD simula
—  

tion．Therefore Poynting vector can be evaluated from 

them as： 

Fig．2 shows the distribution of magnitude of 

Poynting vector in the plane Y =6 m
， whi(．h is c1ose 

to the center of metal patch
． Obviously，Poynting vec— 

tor is not aligned with Z axis everywhere because of the 

diffraction of metal grating
． For the component of 

Poynting vector perpendicular to Z axis
， the elect ric 

field may be in X
， Y or Z directions．Only those in Z 

directions can be absorbed by QWIp，which can be 

written as： 

P=[一 

Being obtained 

0]， (5) 

in time domain，the field compo— 

nents within the simulated region oscillate harmon
—  

ically·It is very diffeuh to evaluate optica1 coupling ef
-  

ficiency from Poynting vector distributi0n
．  Alternative1v 

it may be more reasonable to derive it from energY den
—  

sity．The optical coupling efficiency at any Z D1ane can 

be given as： 

l l  ?  _l_ } i  ；  ； } l } { } ； l } l } l l l 《 ； } i} } } l }  

4  

] ●●， ●●j  

一 一 一 

—．．． ． ．。． ． ．．．．．．．L  

= 

]，●●， ●●j  

—．．．，． ．。． ． ．．．．．．．L  
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íncídent líght can be línearly polarízed along any díree

tíon in X -Y plane. By the principle of superposition , it 

ìs then very conveníent to investigate the nor卜polarized

case. 

The metal patches of the gratìng are set as rectan-

gular shape , with a 口 10μm ， b 口 15μm ， and thìekness 

~ as 0.5μm. Wavelength of íncìdent light Ís chosen as 

~ 10川1 ( Ín air) , which ís Y翩polarized and propagates a翩

Fig. 2 Poyntíng veetor dístribution at on f' moment ( Y :::: 
6μm) 

朋 2 某→时刻 Poyntíng 矢量分布阁( Y=6川1 ) 

ranged metal pat贮hes. ìn shape of circular , rectangular 

etc. Between the quantum well plane and the gratíng 

there Ís a spacíng layer. A refleetion layer i自 Ínserted

between the quantum well and the substrate to improve 

the Iight absorption. To mesh the regìon , the sÍze of 

Yee' s eell must be smal1 enough to deseribe the strue 翩

tural detaíls of the QWIP and far smaller than the 

wavelength. Speeíal attention should be paid to the dí

electric layer , ín whíeh the Iarge relatíve electric per

míttívity leads to a decreased wavelength. Generally 

the grating may consist of hundreds of metal patches or 

more. 

If one sìmulates the QWIP as a whole , the task 

may lead to unaeceptahle requírement on cornputer 

memory and eomputing tírne. In fact , only the region 

correspohding to one metal pateh is needed to eompute 

wìth FDTD beeause of the translatìon invarìance. The 

periodical boundary condition ( PBC) is enforced at 

boundaries adjacent to other patches. At other bounda

ries , Mur' s ahsorption boundary conditions are en

foreed. 

During the simulation , incident plane wave is 

stimulated by eleetric dipoles at a plane before the grat翩

ing. The electric dipoles oscillate with a certain fre

quency corresponding to destined light wavelength. The 

long Z dírection. The relative electríc permìttìvìty of 

the spacing layer under the gratìng is assunwd as 8. O. 

The sÍze of Yee' s cell ís O. 125μm X O. 125μm X O. 

125μm. The tota1 cell number is about 2. 6millíon. 

Tíme step is set as 170ps. The ~imulation lasts 15000 

steps. 

A símple method to observe the diffraction effect 

of the grating is to ca1culate Poyntíng vector P. At every 

time step , all optical field components within the com

putíng regÍon have been calculat日d with FDTD 性írnula唰

tion. Therefore Poyntíng veetor ean be evaluated frorn 

them as: 

[~:] [;尺 REHlP, I I E,Hx … E,H, I 
PZ J EKHE-E、H鬼」

(4 ) 

Fig. 2 shows the dístríbution of magnítude of 

Poyntíng vector ìn the plane Y = 6μrn. whi(.h ís rlose 

to the center of meta1 patch. Obvíously , Poynting vec

tor Ís not aligned with Z axís everywhere because of the 

díffractíon of metal gratíng. For the component of 

Poyntíng vector perpendícular 10 Z axis , the electríc 

field may be Ín X , Y or Z direetions. Only those ín Z 

dírectíons can be absorbed by QWIP , whích can be 

wntten as , 
P ::: [- E，H、 E，H， 0 r (5) 

Being ohtained in tirne domain , the field compo

nents within the simulated region oscillate harmon翩

ìcally. It is veηdiffeult to evaluate optical eoupling ef.翩

ficiency from Poynting vector dìstrìbution. Alternatively 

it may be more reasonable to derive it from energy den嗣

sity. The optieal eoupling efficienl'Y at any Z plane can 

be gìven as: 

IIE， (x ， y ， z)"吐dx机d
6 口 f……俨 …)一→叫一 • (6) 

11 EIn (x ,y ,zo) 2dxdy 
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Z=4 m 

Z=8gm 

Z=I2 m Z=14gm 

Fig．3 Diffraction pattern for energy density from Z—compo— 

nent of electric field at different Z plane 

图3 不同 Z平面上电场 z分量的能量密度衍射图 

While incident light is set as plane wave， 0 in 

Eq．(6)can be any position between the electric di— 

poles and diffraction grating The optical coupling effi- 

ciency is calculated to be about 0．005，being kept 

nearly the same value at different Z planes．Undoubt— 

edly the coupling efficiency is strongly related with the 

wavelength of incident light，the shape and dimension 

of the metal grating etc． Different from coupling effi— 

ciency，the distribution of absorbable energy density 

varies with distance along Z direction rapidly．This can 

be observed from the diffraction pattern at different Z 

planes．Because of only the Z component of electric 

field being interested，the diffraction patterns shown in 

Fig．3 are calculated by excluding X and Y components 

of electric field．The diffraction patterns are very help— 

ful for determining the thickness of the spacing la
．
s’er 

between the grating and the quantum plane． 

3 Conclusion 

By enforcing suitable boundary conditions，FD FD 

simulation can simulate detailed optical field distribu— 

tion inside QWIP．Especially the distribution of elec— 

tric field perpendicular with quantum plane，which is 

the only absorbable part for QWIP，can be directly ob· 

tained．As a numerical method，FDTD simulation can 

be applied without any limitation on the QWIP stru(、一 

ture．The advantage makes FDTD method as a powerful 

tool for optimizing the grating structure to get high opti— 

cal coupling efficiency． 
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ful for determining the thickness of the spacing layer 

between the grating and the quantum plane. 

Conclusion 

By enforcing suitable boundary conditions , FDTD 

simulation can simulate detailed optical field di币tribu

tion inside QWIP. Especially the distribution of elec

tric field perpendicular with quantum plane , which is 

the only absorbable part for QWIP , can be directly ob帽

tained. As a numerícal method , FDTD símulation ean 

be applied without any limitation on the QWIP 吕trw'

ture. The advantage makes FDTD method as a powerful 

tool for optimizing the grating structure to get high opti

cal coupling efficiency. 
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Fig. 3 Diffraction pattem for energy density from Z叫'ompo恤

nent of ele盯tric field at different Z plane 
回 3 不同 Z 平面上电场 Z分量的能最密度衍射困

Z"'12μm 

While incident light is set as plane wave , Zo in 

Eq. (6) can be any position between the electric di

poles and diffraction grating. The optical couplíng effi

ciency is calculated to be about O. 005 , being kept 

nearly the same value at dífferent Z planes. Undoubt

edly the coupling efficíency is strongly related with the 

wavelength of incident light , the shape and dimension 

of the metal grating etc. Different from coupling effi

cíency , the dístribution of absorbable energy density 

varies wíth distance along Z direction rapidly. This can 

be observed from the diffraction pattem at different Z 

planes. Because of only the Z component of electric' 

field being interested , the diffraction pattems shown in 

Fig. 3 are calculated by excluding X and Y components 

of electric field. The diffraction pattems are veηhelp-


