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Abstract : We st udy t he inf luence of ionized imp urity scat te ring on t he elect ron t ransp ort in resonant2p honon2as2
sisted te rahertz ( T Hz) quantum2cascade lasers (Q CLs) . We t reat t he ionized imp urity scat tering rates wit hin t he

single subband static screening app roximation. We f ind t hat t he ionized imp urity scat te ring supplies an additional

cur rent channel across t he device , and aff ects t he elect rondist ribution in diff e rent subbands . We conclude t hat t he

ionized imp urit y scat te ring should be taken int o account in t he study of t he t ransp ort p roperties of resonant2p ho2
non2assisted T Hz Q CLs .
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1 　Introduction

Rece nt develop me nts in t he design a nd f a bri2
ca tion of comp act solid sta te te ra he rtz ( T Hz )

sources [ 1～4 ] a nd detect ors [ 5 ] have op e ne d a bright

f ut ure f or app lica tions of T Hz tec h nology [ 6～11 ] .

The develop me nt of T Hz qua nt um2casca de lase rs
(Q CL ) i n t he p ast seve ral yea rs ma kes it one of

t he most i mp orta nt sources i n t he T Hz ra nge . T Hz

Q CLs based on dif f e re nt design app roac hes f or

ca r rie r ext raction have bee n realized , a mong

w hich a re i nte r miniba nd t ra nsitions [ 1 ] , resona nt2
p honon2assisted i nte rsubba nd t ra nsitions [ 2 ,4 ] , a nd

bound t o continuum t ra nsitions [ 3 ] . The resona nt2
p honon2assisted T Hz Q CLs s how bet te r te mp era2
t ure p e rf orma nce t ha n ot he r designs [ 12 ] . Dif f e re nt

t heoretical models have bee n use d in t he design

a nd simula tion of T Hz Q CLs [ 13～19 ] . A mong t he m ,

t he Monte Ca rlo ( M C) met hod [ 13～16 ,18 ] is t hought

t o be t he most suit a ble . The com monly used rate

equation met hod i n t he design of mid2i nf ra red

Q CLs ca nnot ta ke f ully i nt o account t he complex2
i t y of te mp era t ure a nd de nsity dep e nde nt sca t te r2

i ng ti mes i n T Hz Q CLs . A nd t he qua nt um me2
cha nics app roaches a re all nont rivial [ 18 ,19 ] . Usi ng

t he M C met hod , we ca n i nte ntionally t ur n on a nd

of f each mecha nism t o st udy its i nf lue nce on t he

t ra nsp ort p rop e rties of t he device . In t his p ap e r ,

we st udy t he i nf lue nce of t he ionized imp urit y

sca t te ri ng on t he t ra nsp ort p rop e rties of resona nt2
p honon2assiste d T Hz Q CLs .

2 　Monte Carlo model

Our M C model f ollows a conve ntional sc he me

of a n e nse mble of p a rticles [ 20 ] . Elect ron2L O2p ho2
non , elect ron2elect ron ( e2e ) a nd elect ron2ionized2
i mp urit y ( e2i mp ) scat te ri ngs a re ta ke n i nt o ac2
count . The hot p honon ef f ect is i ncorp ora ted i nt o

t he M C p rocedure wit hi n t he relaxation time ap2
p roxi mation [ 21 ] . The elect ron eige nstates a nd e n2
e rgy ba nd p rof ile a re obtai ned by solvi ng t he ef2
f ective mass Sch rÊdi nge r equation f or a ba nd

st ruct ure sp a nni ng t h ree modules .

D ue t o t he low Al comp osition i n t he simula2
ted st ruct ure , t he bul k L O p honon scat te ri ng is a

good app roxi mation [ 15 ] . We do not ta ke i nt o ac2
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count t he p honon conf ine me nt ef f ect he re [ 22 ,23 ] .

The elect ron2L O2p honon scat te ri ng rate unde r

t his app roxi mation ca n be w rit te n as
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m 3 e2ω0

2Ü2
1

ε∞
-

1
ε ×

Nq∫
2π

0
dθ Hij ( q+ )

( q2
+ + q2

s ) 1/ 2 + ( Nq + 1)∫
2π

0
dθ Hij ( q- )

( q2
- + q2

s ) 1/ 2

(1)

w here H ij is give n by

Hij ( q)
( q2 + q2

s ) 1/ 2 =∫
∞

- ∞
d z∫

∞

- ∞
d z′ρij ( z)ρ3

ij ( z′) I ( q , z , z′)

(2)

I ( q , z , z′) =
exp [ - ( q2 + q2

s ) 1/ 2 | z - z′| ]
( q2 + q2

s ) 1/ 2 ×

1 -
| z - z′| q2

s

2 ( q2 + q2
s ) 1/ 2 -

q2
s

2 ( q2 + q2
s )

(3)

a nd

q = | k - k′| =

2 k2 ±2ω3
ij m 3

Ü
- 2 k k2 ±2ω3

ij m 3

Ü

1/ 2

cosθ
1/ 2

(4)

hω3
ij = hω0 ±( Ei - Ej ) (5)

He re , e is t he ele me nta ry cha rge , m 3 is t he elec2
t ron eff ective mass , Üis t he re duced Pla nc k con2
sta nt , a ndε∞ a ndεa re t he high f reque ncy a nd low

f reque ncy dielect ric consta nts , resp ectively . Nq is

t he L O p honon occup ation number .ρij ( z) =ζ3
i ( z)

ζj ( z) ,ζi ( z) a nd ζj ( z) a re t he elect ron e nvelop e

f unctions f or t he it h a nd jt h subba nds , resp ective2
ly. k a nd k′a re t he elect ron wave vect ors bef ore

a nd af te r scat te ri ng , resp ectively. The + a nd -

signs on q ref e r t o t he a bsorp tion a nd e mission of

L O p honons , resp ectively. qs is t he i nve rse sc ree n2
i ng le ngt h ,w hich is ta ke n t o be ze ro .

For t he e2e scat te ri ng , we use t he si ngle sub2
ba nd static scree ni ng model , a nd only ta ke i nt o ac2
count i nte ractions betwee n elect rons i n t he sa me

or neighbour modules . All t he si mulate d elect rons

a re assume d t o be i n one module . Those t hat a re

sca t te red out of t he module a re re2injected i nt o

t he cor resp ondi ng subba nd according t o t he p e ri2
odic bounda ry conditions . The scat te ri ng ra tes f or

a n elect ron i n subba nd i wit h wave vect or k t o

subba nd j wit h wave vect or k′ca n be w rit te n

as [ 24 ,25 ]
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w here

F imjn ( q) =∫d z∫d z′ζ3
n ( z′)ζ3

j ( z)ζi ( z)ζm ( z′) ×

exp ( - q | z - z′| ) (7)
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The e2e sca t te ri ng is a dual2p a rticle p rocess . D ur2
i ng t he p rocess , a not he r elect ron i nitially in sub2
ba nd m wit h wave vect or k0 is sca t te red t o subba2
nd n wit h wave vect or k′0 . The quasi22D i nve rse

scree ni ng le ngt h qs i n t he single subba nd static

scree ni ng app roxi mation is

qs =
m 3 q2

2πε0εÜ2 n1 , 　k = 0 (11)

The e2e scat te ri ng ra tes a re i ncluded i n t he M C

p rocedure by usi ng t he met hod of Goodnick et

al . [ 24 ]

Si mila r t o e2e scat te ri ng , t he e2i mp sca t te ri ng

is also ta ke n int o account by usi ng t he si ngle sub2
ba nd static sc ree ni ng app roxi mation . The sca t te r2
i ng rate f rom subba nd i t o subba nd j is give n

by [ 26 ,27 ]
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w here q = 2 ksi n (θ/ 2) , n ( z) is t he dop i ng de nsi2
t y , t he f or m f act or F ij rea ds

F ij ( q , z)∫d z′ζ3
j ( z′)ζi ( z′) exp ( - q | z - z′| )

(13)

a nd

qε( q) =
q + CG( q) , q Φ 2 kF

q + C(1 - [1 - (2 kF / q) 2 ]1/ 2 ) G( q) , q > 2 kF

(14)

w here kF is t he Fer mi wave vect or , C = m 3e2 /

2πÜ2ε0ε,a nd

G ( q) =∫d z∫d z′ζi ( z)ζ3
j ( z)ζi ( z′)ζ3

j ( z′) ×

exp ( - q | z - z′| ) (15)

　　The hot p honon dyna mics ca n be i ncorp ora t2
ed i nt o t he M C p roce dure by f ollowi ng t he met h2
od of L ugli et al . [ 21 ] . The time evolution of t he

L O p honon p op ula tion is f ollowed ,a nd its modif i2
cation t o t he elect ron2p honon i nte raction is con2
side re d . The L O p honon decay i nt o ot he r modes is

t a ke n i nt o account by i nt roduci ng t he relaxation

ti me τp h . I n detail , t he p e rp e ndicula r comp one nt

q z is t a bulated f or discrete values cor resp ondi ng
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t o i nt ra2 a nd i nte r2subba nd t ra nsitions , resp ective2
ly. It is ze ro f or i nt rasubba nd t ra nsitions , a nd is a

non2ze ro value rela ted t o t he subba nd e ne rgy

dif f e re nce f or i nte rsubba nd t ra nsitions . The i n2
p la ne comp one nt of t he p honon wave vect or q ‖is

t reate d as tw o2di me nsional , a nd is disc retize d i nt o

s mall cells . The p honon num be r i n each cell is i ni2
t ialized as t he B ose dist ribution . Af te r each L O

p honon e mission/ a bsorp tion , t hei r values a re up2
dated i n t he cor resp onding cell as

δNq = ± 2π
δq x

× 2π
δq y

× ns

N
(16)

He reδq x a ndδq y a re t he cell size i n t he x a nd y

di rections , resp ectively , ns is t he elect ron sheet

de nsit y , a nd N is t he number of p a rticles i ncluded

i n t he M C si mulation . At t he e nd of each time i n2
te rval , t he p honon numbe r is recalcula ted as

N′q ( iδt ) = N q ( iδt ) - [ N q ( iδt ) - N q (0) ]
δt
τp h

(17)

w hereδt is t he ti me inte rval i n t he M C si mula2
t ion ,w hich is c hose n t o be muc h s malle r t ha nτp h .

3 　Effect of ionized impurity scatter2
ing

　　The st ruct ure p a ra mete rs of t he si mulated de2
vice a re base d on a rece nt lasi ng T Hz Q CL [ 4 ] . The

active region of t he T Hz Q CL is based on a 42well

module design i n w hich t he T Hz ge ne rati ng t ra n2
sition is f rom a p ai r of a nti2c rosse d double2well

st ates , a wide a nd dop ed subseque nt well p rovides

t he L O p honon media ted relaxation , a nd t he i n2
jection t o t he f ollowi ng double well is f rom a n un2
dop ed well . Begi nni ng wit h t he f i rst injection ba r2
rie r , t he laye r t hick nesses of t he 42well module a re

5 . 4/ 7 . 8/ 2 . 4/ 6 . 4/ 3 . 8/ 15 . 3/ 3 . 5/ 8 . 8 i n nm ,w here

t he ba r rie r laye rs a re show n i n bold a nd t he dop ed

laye r is unde rli ned . A sche matic of t he conduction

ba nd st ruct ure under a n elect ric f ield of 12 kV/ cm

is show n i n Fig. 1 , t oget he r wit h t he squa red wave

f unctions of t he most i mp orta nt sta tes . The dop i ng

de nsit y is 3 . 2 ×1010 cm - 2 , t he la t tice te mp e rat ure

is ta ke n t o be 25 K , a nd t he decay ti me of p ola r

op tical p honons is 5ps .

The e2i mp sca t te ri ng is si mila r t o t he e2e sca t2
te ri ng. They a re bot h coulom bic i nte ractions . t hey

s hould also p lay simila r roles in t he t ra nsp ort

p rop e rties of Q CLs . As we k now , t he e2e sca t te r2
i ng is i mp orta nt i n coup li ng t he nea r resona nt

states betwee n t he active region a nd t he i nject or/

Fig. 1 　Schematic conduction band p rof ile and squared

wave f unctions of t he T Hz Q CL under an elect ric f ield

of 12kV/ cm 　The eigen energies and wave f unctions

are obtained by solving t he eff ective mass SchrÊdinger

equation f or a band st ructure sp anning t hree modules .

O nly two modules are show n here .

collect or region , w hile t he elect ron2L O2p honon

sca t te ri ng is i mp orta nt f or elect ronic casca de

wit hi n t he active region . The e2i mp sca t te ri ng p ro2
vides a n a dditional cha nnel con necti ng t he injec2
t or/ collect or region a nd t he active region . Our

si mulation results supp ort t hese qualit a tive judg2
me nts . I n Fig. 2 , we s how t he ti me de rivation of

t he subba nd occup ation wit h a nd wit hout t he e2
i mp sca t te ri ng. For each case , t he curves f rom

high t o low conce nt ration cor resp ond t o subba nds

2 , 1 , 5 , 3 , 4 , resp ectively. We ca n see t ha t i n t he

p rese nce of t he e2i mp sca t te ri ng , elect rons re dis2
t ribute a mong t hree subba nds 1 , 2 , a nd 5 . The e2
lect ron conce nt ration i n subba nd 5 i nc reases

greatly , a nd t he cor resp ondi ng p op ulation i nve r2
sion is also e nha nced. Thus t he e2i mp scat te ri ng is

a n ef f icie nt cha nnel of elect ron i njection/ subt rac2
t ion . D ue t o t he s hort elect ron lif eti me i n

subba nds 3 a nd 4 , t hei r conce nt rations a re lit tle

aff ected by t he e2imp scat te ri ng. Our si mulation

results also s how t hat t he elect ron cur re nt ac ross

t he device increases due t o t his a dditional cur re nt

cha nnel . It cha nges f rom 900 t o a bout 1300A/

cm - 2 . The elect ron cur re nt t ha t we get he re is la r2
ge r t ha n t he exp e ri me ntal result . This is a t t ributed

t o t he cohe re nt model ,w hic h is used t o get t he e2
lect ron wave f unctions he re . I n real devices , wave

f unction localization due t o i nte rf ace rough ness ,

alloy , a nd imp urit y sca t te ring is i mp orta nt . This

ma kes t he elect ron i njection a nd subt raction

p rocess much less ef f icie nt t ha n p redicte d by t he

cohe re nt model . The use of t he tight bindi ng mod2
el wit hi n t he de nsit y mat rix f or malism may solve
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t his p roble m [ 15 ] .

Fig. 2 　Time derivation of subband occup ation in one

module 　The dashed lines are results wit hout taking

int o account t he elect ron2ionized2imp urity scat tering ,

and t he solid lines wit h t his eff ect . For bot h cases ,

f rom high t o low concent ration t he f ive lines cor re2
sp ond t o subband indices 2 ,1 ,5 ,3 ,4 , respectively.

4 　Conclusion

I n sum ma ry ,we have st udied t he i nf lue nce of

t he ionized i mp urit y scat te ri ng on t ra nsp ort p rop2
e rties of resona nt2p honon2assisted T Hz Q CLs by

usi ng t he M onte Ca rlo met hod. This sca t te ri ng

mecha nis m is as i mp orta nt as t he e2e sca t te ring i n

t he elect ron i njection a nd subt raction p rocess . The

elect rons re dist ribute i n dif f e re nt subba nds , a nd

t he device cur re nt increases due t o t he p rese nce of

e2i mp sca t te ri ng. Thus we have t o i nclude it in t he

si mulation of T Hz Q CLs . The ove resti mation of

t he cur re nt w he n i ncludi ng t he e2i mp scat te ri ng is

due t o t he exclusion of wave f unction localiza tion

i n t he p rese nt model .
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共振声子辅助的太赫兹量子级联激光器中
杂质散射的蒙特卡洛模拟 3

曹俊诚 　吕京涛

(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)

摘要 : 通过蒙特卡洛方法研究了基于共振声子散射的太赫兹量子级联激光器中杂质散射对激光器性能的影响. 使
用单子带静态屏蔽模型来处理电子与杂质的散射过程. 发现电子与杂质的散射为电子在有源区中的注入和抽取过
程提供了另外一个通道. 这一过程可以影响电子在不同子带的占据数以及器件的电流 . 所以 ,在考虑基于共振声子
散射的太赫兹量子级联激光器中的电子输运过程时 ,需要包含电子与杂质的散射过程.
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