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Introductdon 

In the first part，we have discussed the opitical 

aspects about the quantum well infrared photodetector． 

Here we continue discussions about the electrical as． 

pectes of the device model and simulation． 

1 Dark Current and PhOtOcurrent 

Distributed effects of external bias across the sys- 

tern began recently t0 attract attenti0ns · 一． Since the 

barrier regions are normally undoped and in general， 

the carrier concentration in the barrier region can be 

neglected，the electric field there can be well approxi- 

mated as constant，as assumed in many theoretical ana- 

lyses ,4i
． The electric field in each 【】uantum we1l is 

negligible as compared with the ones in the barriers be- 

cause of the high density of free carriers and the coinci- 

dental spatial distributions of electrons in the quantum 

well with the doped impurities ． 
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We continue considering the QWIP system consis- 

ting of 50 periods of 50-nm-A10 3 Ga()7 As／5-nm-GaAs． 

Generally speaking，due to the surface kinetic proces- 

ses，a certain degree of GaAs and A1GaAs intermixings 

is inevitable at the heterointerface ．The intermixing 

is efihanced by postgrowth treatments ～ ． The 

GaAs／A1GaAs heterointerfaces are described by the de- 

gree of the A1 inter．diffusion ～’ 

)=等[2⋯f( ) 

一f( )]， (1) 
where xn is the initial Al concentration in the barrier， 

dw the quantum well width， the diffusion length，and 

erf the error function．The center of the well locates at 

z=0． 

The diffusion length is determ ined by matching the 

values of the cutoff wavelength obtained theoretically 

and experimentally．Typical measurement data of pho- 

tocurrent spectra are presented in Fig．1．By fitting the 
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Introductdon 

In the first part, we have discussed the opitical 

aspects about the quantum well infrared photodetector. 

Here we continue discussions about the electrical as­

pectes of the device model and simulation. 

1 Dark Current and Photocurrent 

We continue considering the QWIP system consis­

ting of 50 periods of 50-nm-Alo. 3 GaO 7 As/5-nm-GaAs. 

Generally speaking, due to the surface kinetic proces­

ses. a certain degree of GaAs and AIGaAs intermixings 

IS inevitable at the heterointerface 6. The intennixing 

IS enhanced by postgrowth treatments. 7 
-14 . The 

GaAs/ AIGaAs heterointerfaces are described by the de­

gree of the Al inter-diffusion: 15 - 17 ~ 

Distributed effects of external bias across the sys­

tem began recently to attract attentions: u. Since the 

barrier regions are normally undoped and in general, 

the carrier concentration in the barrier region can be 

neglected. the electric field there can be well approxi­

mated as constant, as assumed in many theoretical ana­

lyses· 3.4:. The electric field in each quantum well is 

negligible as compared with the ones in the barriers be­

cause of the high density of free carriers and the coinci­

dental spatial distributions of electrons in the quantum 

well with the doped impurities 5j
• 
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X(Z) = Xo [ 2 f( Z - dwl2) 
2 + er 2L 

_ feZ - dw/2)] 
er 2L ' (1) 

where Xo is the initial Al concentration In the barrier. 

dw the quantum well width. L the diffusion length, and 

erf the error function. The center of the well locates at 

Z =0. 

The diffusion length is determined by matching the 

values of the cutoff wavelength obtained theoretically 

and experimentally. Typical measurement data of pho­

tocurrent spectra are presented in Fig. 1. By fitting the 
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peak position of 7．85Ixm(0．158eV)for the as-grown 

QWIP sample in Fig．1，an A1 diffusion length of 2．9 

A is obtained．At this moment，there is one sublevel En 

confined in the quantum well which is 0．158eV below 

the A1 GaAs conduction bandedge，the local Fermi lev- 

el E，is 7 meV above Eo at 77K．Thus the xy-plane ki- 

netic ener~es of carriers are neglected in the following 

discussion 

Fig．2 shows very small occupation probability f 

(E )of excited states E above the barriers(the A1- 

GaAs conduction bandedge is zero)． On the other 

hand，the electron transport from one quantum well to 

the next quantum well is in the contest of coherent 

wave transmissi0n l 9] 

(z)=e‘ +re ， 

in the quantum well that emits the electron wave， 

(2) 

(z)=tke ， (3) 

in the quantum well that collects the transmission 

wave．Here the QWIP is not biased．h2k ／2m =E ． 

The transmission probability l t l as a function of E 

is plotted in Fig．2，showing that due to the thick barri- 

ers the escape of carriers occupying the ground state Eo 

in one quantum well to the next is almost impossible． 

By the complex eigenvalue approach it was conclu- 

ded[ o]that the lifetime 0f the electrons in the localized 

ground state Eo is rather long so that these carriers have 

a rather small rate to escape to the adjacent wells 

through barriers． 

By Fig．2 it is observed that in the QWIP system， 

therm al excitation dominates．In other words．the dark 

current consists of mainly therm ally excited carriers o． 

Fig～ Photocurrent Jph spectra of our QWIP dvices at 77K 

From the highest to the lowest spectrum 

the ion implantation doses are 0．0，0．7， 

1．0 and 5×10”cm一 

ver the ba ers． It is also reconfirm ed here that the 

current density is rather low so that the approximation 

of quas-iequilibrium state is well established(we have 

used such an approximation by introducing the Ferm i 

level E，)． The approximation of the nonconductive 

QWIP system when discussing the propagation of the e- 

lectromagnetic field (in the first part)is also estab- 

lished due to this low conduction current． 

It is concluded that electrons in one quantum well 

transmit to other spatial regions(adjacent quantum 

wells and contacts)via thermal activation above the 

barrier(forming the dark current)，they become photo- 

excited to excited states above the barrier by the inci- 

dent infrared radiation(forming the photocurrent)．The 

current density has been modeled as J= dn [3，4， 

21，22]，where is the carrier drift velocity 

1+( 玎 ， (4) 
is the saturation drift velocity ranging from 0．1 x 10。 

to 5 × 1 0。cm／s
， 

is the low-field carrier mobility 

(2000cm ／V·S for n-type A1GaAs QWIPs)，and F 

is the electric field intensity in the barrier region in- 

duced by the external bias．The density of mobile car- 

tiers n in the quantum well consists of two parts，n = 

n +n 口̂，where n is the carrier density due to the 

therma1 excitatinn 

n = fEz>~O 2dkdk八H Ek,k)， 
It is easy to see that in general， 

tion probability is very small so that 

(5) 

the optical transi- 

the cariler distil． 

＼  

f(Ex) 
、  

1t )1 ／ ＼ 
1t( J12 

．／ 
0．2 —0．1 0．0 0．1 

凸r／eV 

Fig．2 Occupation probability and transmission from 

one quantum well to the next as functions of the electron 

energy in the z—direction(the wave vector in the 

xy—plane is zero) 

￡=2-9 A，E0=一0．158eV， =一0．15leV at 77K 
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peak position of 7. 85JJ..m(O. I58eV) for the as-grown 

QWIP sample in Fig. 1, an Al diffusion length of 2. 9 

A is obtained. At this moment, there is one sublevel Eo 

confined in the quantum well which is O. I58eV below 

the Al GaAs conduction bandedge, the local Fermi lev­

el Ej is 7 meV above Eo at 77K. Thus the xy-plane ki­

netic energies of carriers are neglected in the following 

discussion 

Fig. 2 shows very small occupation probability f 
(Ek ) of excited states Ek above the barriers ( the AI­

GaAs conduction bandedge is zero). On the other 

hand, the electron transport from one quantum well to 

the next quantum well is in the contest of coherent 

wave transmission [18,19; 

() 
,kz -,kz 

'Pk Z = e + re , (2) 

in the quantum well that emits the electron wave, 

(3) 

III the quantum well that collects the transmission 

wave. Here the QWIP is not biased. h2el2m* =Ek • 

The transmission probability I tk I 2 as a function of Ek 

is plotted in Fig. 2, showing that due to the thick barri­

ers the escape of carriers occupying the ground state Eo 

in one quantum well to the next is almost impossible. 

By the complex eigenvalue approach it was conclu­

ded[20] that the lifetime of the electrons in the localized 

ground state Eo is rather long so that these carriers have 

a rather small rate to escape to the adjacent wells 

through barriers. 

By Fig . 2 it is observed that in the QWIP system, 

thermal excitation dominates. In other words, the dark 

current consists of mainly thermally excited carriers 0-

5 6 7 B 9 10 

Fig. I Photocurrent J ph spectra of our QWIP dvices at 77K. 

From the highest to the lowest spectrum 

the ion implantation doses are 0. 0,0.7, 

1.0 and 5 X 1015 cm·3 

21 :ff 

ver the barriers. It is also reconfirmed here that the 

current density is rather low so that the approximation 

of quas-iequilibrium state is well established (we have 

used such an approximation by introducing the Fermi 

level Ej ). The approximation of the nonconductive 

QWIP system when discussing the propagation of the e­

lectromagnetic field (in the first part) is also estab­

lished due to this low conduction current. 

It is concluded that electrons in one quantum well 

transmit to other spatial regions (adjacent quantum 

wells and contacts) via thermal activation above the 

barrier( forming the dark current) , they become photo­

excited to excited states above the barrier by the inci­

dent infrared radiation ( forming the photocurrent). The 

current density has been modeled as ] = evdn' [3,4, 

21,22] , where Vd is the carrier drift velocity 

F -112 

Vd =JLF:[ 1 + (~)2] (4) 
V, 

V, is the saturation drift velocity ranging from O. 1 X 106 

to 5 X 106 cm! s, JL is the low-field carrier mobility 

(2000cm2/V • S for n -type AIGaAs QWIPs), and F. 

is the electric field intensity in the barrier region in­

duced by the external bias. The density of mobile car­

riers n' in the quantum well consists of two parts, n' = 

n' 'h + n I ph' where n I lh is the carrier density due to the 

thermal excitation 

n' = L 2dkdkif( E k) 
'h £,,.0 (27T) k , , 

(5) 

It is easy to see that in general, the optical transi­

tion probability is very small so that the carrier distri-
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Fig. 2 Occupation probability and transmission from 

one quantum well to the next as functions of the electron 

energy in the z-direction( the wave vector in the 

xy-plane is zero) 

L=2.9 A, Eo =-0. 158eV, Ef =-0.15IeV at 77K 
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bution of the ground state is almost unchanged
． The 

ph0t0nexcitati0n is 

n = n 。』(I A：(̂ )I )d(̂∞)f2d
． ．

k 

( l meh Ooz一 l l m I l 一̂ ) +，屯’ 
occupying the 

(E 一Eo 

where no is the carrier density 

state(Eo， o)． 

(6) 

ground 

Normally the QWIP is calibrated with blackbody． 

The optical spectrum from the blackbody is obtained by 

the Planck’s form ula 

n。̂(hw) 4 
e BTb

一

1’ (7) 

where Tb is the temperature of the blackbody
． 

Theoretical results of the absorption coeffclent
， 

photocurrent and dark current density of our QwIP 

samples are presented in Fig．3．’Here L=2．9 A．the 

device temperature is 77 K，and the blackbody calibra． 

tion temperature is 500 K． Comparing the absorption 

and photocurrent spectra，it is observed that the short 

wavelength absorption is suppressed by the blackbody 

optical spectrum of Eq．(7)．The calculated photocur- 

rent density fits quite well with the measurement data of 

Fig．1 in the first part，except that the theoretical value 

of the saturation current density is about 2 times sma1． 

1er than the measurement．The discrepancy is expected 

as we neglect leakage currents，e．g．
，
the leakage cur． 

rent at the mesa edge．The asymmetric I．V characteris． 

tics with respect to the extemal bias is due to the asym． 

mdtric quantum wells (we can expect gradual de— 

crease／increase of the A1 content at the beginning／end 

of quantum well growth in a norm al MBE growth man． 

／Ⅱm 。／V 

Fig．3．(a)Calculated absorption(solid line)， 

photoeurrent(dotted line)and(b)dark current density 

Solid lines： ：2000； 

dotted lines：“ =1000cm ／V．s． 

ner) 

2 Boundary Cpnditions of Continuum States 

We consider the multiple quantum well structure 

in the form of V[z+n(dB+d )]=V(z)，where 

r△E，一d~,／2一d口≤z<一d~,／2 

(z)={o， 一dw／2≤z<d ／2 ， (8) 
AE ， d ／2 ≤ z < dw／2 +dB 

n is an integer，dB is the A1GaAs barrier width，and 

A E is the barrier height．There is one localized state 

confined in the GaAs quantum well and its boundary 

conditions are unambiguous that the corresponding 

wave function is zero deep inside the A1GaAs barriers． 

It is consistent numerically with other theoretical 

considerations， e．g．， the complex eigenvalue 

approach l2o． 
． Theoretically there exist three types 

of boundary conditions for extended states
． In ead 

works ～ ．the GaAs quantum well and its adjacent 

two A1GaAs barriers were approximately embedded in 

an infinitely high barrier media，which is denoted this 

as a box approximation． Because of the infinitely high 

barrier at the two ends．extended states above the A1． 

GaAs barrier becomes discrete and are denoted as E
， ，i 

= 1，2，‘⋯ ··Knowing the wave functions it is then easy 

to calculate the optical matrix element of <‘P
。 1 0／0 

I‘Po>．The separations between E and Eo，E 一Eo 

and the matrix elements are shown in Fig．4 as the dot． 

ted line． 

However，due to the consideration of the carrier 

transport in the QWIP under normal device working 

conditions，we must envisage the condution of both the 

therm al-excited and photo．excited electrons from 0ne 

quantum to the next one．We first consider the running 

w ave 

re k + re一 k
， 

< 一d ／2 

ffJrunning(z)={Ae‘ +Be ， 一d∥／2≤z<d ／2， 
【把 ， z≥ d~v／2 

for E >A E ． Here 

磐 ：E一 ， 2m  一 ”  

The corresponding optical 

ted in Fig．4 as curve A 

h k 

2m 

(9) 

(10) 

matrix elements are presen- 

which is rather smooth for 

u／v目＼ 

= c= 。％ ＼ 
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bution of the ground state IS almost unchanged. The 

photon excitation is 

n'ph = nof( I AJhw) I 2)d(hw) f~~ 

I I 
eh a I 12 r 

«({Jk --;;;;- az ({Jo) (Ek - Eo - hW)2 + r 2 ' 
(6) 

where no is the carrier density occupying the ground 

state ( Eo ,({Jo ). 

Normally the QWIP is calibrated with blackbody. 

The optical spectrum from the blackbody is obtained by 

the Planck's formula 
4 

W 
nph ( hw) oc eludkBTb _ 1 ' (7) 

where Tb is the temperature of the blackbody. 

Theoretical results of the absorption coeffcient, 

photocurrent and dark current density of our QWIP 

samples are presented in Fig. 3 .. Here L = 2. 9 A, the 

device temperature is 77K, and the blackbody calibra-

tion temperature is 500K. Comparing the absorption 

and photocurrent spectra, it is observed that the short 

wavelength absorption is suppressed by the blackbody 

optical spectrum of Eq. (7). The calculated photocur­

rent density fits quite well with the measurement data of 

Fig. 1 in the first part, except that the theoretical value 

of the saturation current density is about 2 times smal­

ler than the measurement. The discrepancy is expected 

as we neglect leakage currents, e. g. , the leakage cur­

rent at the mesa edge. The asymmetric J- V characteris­

tics with respect to the external bias is due to the asym­

metric quantum wells (we can expect gradual de­

crease/ increase of the Al content at the beginning! end 

of quantum well growth in a normal MBE growth man-

25 O. 10 

(a) 

20 0.08 

.., 'S 
c: 15 ~ 0.06 i 
'" T=77K 
..c ... 

~ 0.04 '" " 10 
~ .. 

5 0.02 

0.0 
0 2 4 

(h) 

6 8 10 

A/I! m v./Y 

Fig. 3. (a) Calculated absorption (solid line) , 

photocurrent(dotted line) and (b) dark current density. 

Solid lines: JL = 2000 ; 

dotted lines: JL = lOOOcm2 IV. s. 

ner) 

2 Boundary C~)Dditions of Continuum States 

We consider the multiple quantum well structure 

in the form of V[z +n(dB +dw) ] = V(z), where 

6Ec' - d jf'/2 - dB ::::; z < - d jf'/2 

{o, -dwl2 ::::; z < d jf'/2 , 

6Ec' d w/2::::; z < d wl2 + dB 

V(z) (8) 

n is an integer, dB is the AIGaAs barrier width, and 

6 Eo is the barrier height. There is one localized state 

confined in the GaAs quantum well and its boundary 

conditions are unambiguous that the corresponding 

wave function is zero deep inside the AIGa,<\s barriers. 

It is consistent numerically with other theoretical 

considerations, e. g., the complex eigenvalue 

approach [20,23 - 25 J • Theoretically there exist three types 

of boundary conditions for extended states. In early 

works :26 -29] , the GaAs quantum well and its adjacent 

two AIGaAs barriers were approximately embedded in 

an infinitely high barrier media, which is denoted this 

as a box approximation. Because of the infinitely high 

barrier at the two ends, extended states above the AI­

GaAs barrier becomes discrete and are denoted as Ei ,i 

= 1 ,2, .. ···· Knowing the wave functions it is then easy 

to calculate the optical matrix element of < \p, I a/a, 
I \Po >. The separations between E, and Eo. E, - Eo 

and the matrix elements are shown in Fig. 4 as the dot­

ted line. 

However, due to the consideration of the carner 

transport in the QWIP under normal device working 

conditions, we must envisage the condution of both the 

thermal-excited and photo-excited electrons from one 

quantum to the next one. We first consider the running 

wave 

t/I nmning ( Z ) 

eik. + re-'kz, z < - d w/2 I A:~ + Re~'" , - d,12 '" z < d./2, 

te , z ~ d w/2 

for E> 6Ec' Here 

h2 2 

!!:....!l...- = E - 6E" 
2m' . 

(9) 

( 10) 

The corresponding optical matrix elements are presen­

ted in Fig. 4 as curve A which is rather smooth for 
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states with E less than 0．1 eV above the A1GaAs barri— 

er．A peak appears at about E =0．12eV and then the 

matrix element is basically zero．The results are under— 

stood by the parity of wave functions which shows that 

in the region of the quantum well(in the present case， 

∈(一25，25)A)，the wave functions below 0．1eV are 

odd．They become even when E is about 0．13eV above 

the ba er． 

The third alternative is the transport of the excited 

continuum states in the Bloch wave form 

( )=“( )e ， (1 1) 

where“( )=“[ +n(d +d )]accounts the period— 

ic boundary conditions of the GaAs／A1GaAs multiple 

quantum wells．The corresponding optical matrix ele- 

ment is presented in Fig．4． We can see a close simi— 

larity between this approach and the box approach ex— 

cept that some peaks and valleys are missing in the box 

approach． 

Knowing the optical matrix elements，the optical 

absorption spectra are easily calculated and numerical 

results are presented in Fig．5． Fine structures were 

observed experimentally in QWIPs consisting of multi— 

ple quantum wells。 whereas single—quantum—well 

QWIPS display simple spectra ．Fig．5 suggests the 

Bloch—state boundary conditions as the most proper 

ones for continuum states in characterizing QWIPs con— 

sisting of multiple quantum wells(the discrepancy be— 

tween the theoretical and experimental spectra at low 

wavelength range can be the results of the complicated 

conduction band structure at higher electron energies， 

／eV 

Fig．4／Optical matrix element as a function of the 

energy separation between the extended state and 

the bound state．Curve A：running wave； 

Curve B：Bloch wave． 

Dotted line：box approximation 

where the simple effective mass approximation is not 

valid)，the boundary conditions of running waves are 

definitely proper for QWIPs consisting of a single quan— 

rum well or only a few quantum wells，as demonstrated 

by the tunneling effect experimentally ． 

3 Alloy Scattering and Carrier M obility 

Recently researchers have been interested in the 

application of quantum well interm ixing techniques 

：a,J J to modify energy levels of heterosystems
． The ion 

implantaion using materials such as Si ，As[1 0]and 

then further encapsulation by a dielectric layer such as 

SiO!and Si3 N4 have been proven to be rather effective． 

Figure 6 shows dark current spectra from annealed 

and ion-implanted QWIP samples．Note that the dark 

current increases by nearly a factor of 2 after proton im— 

plantation while it is almost unchanged after annealing． 

Fig．1 shows the photocurrent spectra at a negative bias 

of about-3V．Peak response wavelengths are 7。76，7．87 

and 8．28 txm for the as—grown，and samples implanted 

with H 一d0se 1× and 2．5 × 10’ cm一
．
respectively． 

Theoretically it is expected that due to the ion implan— 

tation and annealing．the Al atoms diffuse from barrier 

regions into well regions．The bottom of the quantum 

well is lifted up and the width of the quantum well is 

effectively reduced so that subband energies of carriers 

are increased． 

The A1 diffusion length is determ ined by matching 

the peak positions of the theoretical absorption and ex— 

perimental photocurrent spectra． Numerical results of 

the A1 diffusion length are listed in Table I． It is con— 

eluded by fitting the peak positions that the A1 diffusion 

^／U m 

Fig．5 Calculated optical absorption rates and a typical 

photoeurrent spectrum of QwIP measured at 77 K 

维普资讯 http://www.cqvip.com 
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states with E less than O. 1 eV above the AIGaAs barri­

er. A peak appears at about E = O. 12eV and then the 

matrix element is basically zero. The results are under­

stood by the parity of wave functions which shows that 

in the region of the quantum well ( in the present case, 

Z E ( -25 ,25) A) , the wave functions below O. 1 e V are 

odd. They become even when E is about O. 13eV above 

the barrier. 

The third alternative is the tran:3port of the excited 

continuum states in the Bloch wave form 

!/IBloch(Z) = u(z)e,A;, (11) 

where u( z) = u [z + n (d ll + dB ) ] accounts the period­

ic boundary conditions of the GaAsl AIGaAs multiple 

quantum wells. The corresponding optical matrix ele­

ment is presented in Fig. 4. We can see a close simi­

larity between this approach and the box approach ex­

cept that some peaks and valleys are missing in the box 

approach. 

Knowing the optical matrix elements, the optical 

absorption spectra are easily calculated and numerical 

results are presented in Fig. 5. Fine structures were 

observed experimentally in QWIPs consisting of multi­

ple quantum wells, whereas single-quantum-well 

QWIPS display simple spectra 30J
• Fig. 5 suggests the 

Bloch-state boundary conditions as the most proper 

ones for continuum states in characterizing QWIPs con­

sisting of multiple quantum wells ( the discrepancy be­

tween the theoretical and experimental spectra at low 

wavelength range can be the results of the complicated 

conduction band structure at higher electron energies, 

0.6~-------------------------------, 

O. 20 O. 25 O. 30 
E-E/eV 

Fig.4/0ptical matrix element as a function of tbe 

energy separation hetween tbe extended state and 

tbe hound state. Curve A: running wave; 

Curve B: Blocb wave. 

Dotted line: box approximation 

where the simple effective mass approximation IS not 

valid), the boundary conditions of running waves are 

definitely proper for QWIPs consisting of a single quan­

tum well or only a few quantum wells, as demonstrated 

by the tunneling effect experimentally 31 : • 

3 Alloy Scattering and Carrier Mobility 

Recently researchers have been interested in the 

application of quantum well intermixing techniques 

8.11 to modify energy levels of heterosystems. The ion 

implantaion using materials such as Si: 7 i, As [ 10] and 

then further encapsulation by a dielectric layer such as 

SiO~ and Si3 N.j have been proven to be rather effective. 

Figure 6 shows dark current spectra from annealed 

and ion-implanted QWIP samples. Note that the dark 

current increases by nearly a factor of 2 after proton im­

plantation while it is almost unchanged after annealing. 

Fig. 1 shows the photocurrent spectra at a negative bias 

of about-3 V. Peak response wavelengths are 7. 76 ,7.87 

and 8. 28 fLm for the as -grown, and samples implanted 

with H + -dose 1 x and 2. 5 x 10 15 cm') , respectively. 

Theoretically it is expected that due to the ion implan­

tation and annealing, the Al atoms diffuse from barrier 

regions into well regions. The bottom of the quantum 

well is lifted up and the width of the quantum well is 

effectively reduced so that subband energies of carriers 

are increased. 

The Al diffusion length is determined by matching 

the peak positions of the theoretical absorption and ex­

perimental photocurrent spectra. Numerical results of 

the Al diffusion length are listed in Table I. It is con­

cluded by fitting the peak positions that the Al diffusion 

1.2 

1.0 

0.8 

0.6 

~-a. 0.4 

0.2 

0.0 

-0.2 
5 6 7 8 9 10 

AII1 m 

Fig. 5 Calculated optical ahsorption rates and a typical 

pbotocurrent spectrum of QWIP measured at 77 K 
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length increases from 2．9 to 6．5 A when the dose of 

the ion-implantation increases up to 2．5×10 cm～．In 

addition to the redshift of the absorption peak we have 

observed an increased absorption intensity following the 

increase of the A1 diffusion length．It is due to the in— 

creased coupling between the ground state and excited 

states when the energy separation between them decrea— 

ses．However the photocurrent decreases experimental- 

ly following the increased H dose． 

On the other hand，the density of thermally excit- 

ed carriers increases by a factor of 4．6 when L increa- 

ses from 2．9 to 6．5 A．while experimentally the dark 

current increases by a factor of only 2．It must thus be 

concluded that we have to take into account the micro． 

scopic mechanism(which has reduced the carrier life— 

time)when studying the carrier trasnsport property． 

Postgrowth processes enhance various scatterings so 

that the lifetime of carriers at excited states is reduced， 

and the absorption coefficient is therefore decreased． 

The concept of carrier lifetime is introduded for steady 

states．In studying the carrier transport we consider un— 

perturbed electronic states and the transport properties 

of carriers occupying these states are perturbed by vari- 

OUS scattering centers． At the normal QWIP device 

working temperature of 77 K，alloy scattering is expec- 

ted to be dominant in GaAs／AlGaAs—based materials 

Phonon and impurity scatterings 

low device working temperature 

doping profile． 

are limited due to the 

and spatially localized 

W e consider a ternary compound A Bl
一  

C，where 

the mole fraction x of atom A varies along the sample 

Fig．6 Dark currents spectra of an as—grown QWIP 

sample(solid line)．annealed(dotted line) 

and ion—implanted with H dose of 

2．5 x 10 cm。(dashed line) 

growth direction(z-direction)so that x=x(z)．Now 

the potential energy V(r)for the one-electron Schrod- 

inger equation is divided into a virtual crystal part 

I／0(r)=∑ExV (r—n)+(1一 ) (r～n)]， 

(12) 

where V (̂r—a)and VB(r—a)are periodic atomic 

potentials of compound AC and BC，c is a random 

function which is defined only at lattice site a， 

{ f or an A a。tomm a ， 
The total scattering rate of state ik [32 j 

M(ik)=△ [1一 E )] 

J[1一 (z)] (z) (z)I dz，(15) 

The velocity relaxation time associated with alloy scat- 

tering is 

1 27r△ 
t『(ik) [1一 E )] 

J[1一 (z)] (z)I (z)I dz， 

(16) 

The above expression reduces to the ones of Ando L∞ 

Bastard j when the alloy composition is constant in 

the barrier region．It further reduces to the one of bulk 

material when the alloy composition is constant in the 

whole sample，e．g．，see Ref．[35]． 

The mobility 
：

along the z-direction determ ined 

by the alloy scattering becomes then 

一  c脚  ) 

(17) 

where K =(，c，k)，，c is the wave vector in the y 

plane．hv：=OE ／Ok．Increasing L from 2．9 to 6．5 A 

(corresponding to the H dose of2．5×10 cm。)．the 

calculated mobility decreases from 0．82 to 0．33
， a 

factor of 2．5． W e then expect an increasing factor of 

31．978×0．33／(6．875×0．82)= 1．8 in the dark 

current，which agrees very well with Fig．1 in the first 

part of this article，where a factor about 2．0 has been 

observed．For the photocurrent． it is 0．56 v．0．65． 

Detailed data are listed in Table I． 
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length increases from 2. 9 to 6. 5 A when the dose of 

the ion-implantation increases up to 2. 5 x 10 15 cm -3. In 

addition to the redshift of the absorption peak we have 

observed an increased absorption intensity following the 

increase of the Al diffusion length. It is due to the in­

creased coupling between the ground state and excited 

states when the energy separation between them decrea­

ses. However the photocurrent decreases experimental­

ly following the increased H + dose. 

On the other hand, the density of thermally excit­

ed carriers increases by a factor of 4.6 when L increa­

ses from 2.9 to 6.5 A, while experimentally the dark 

current increases by a factor of only 2. It must thus be 

concluded that we have to take into account the micro­

scopic mechanism ( which has reduced the carrier life­

time) when studying the carrier trasnsport property. 

Postgrowth processes enhance various scatterings so 

that the lifetime of carriers at excited states is reduced. 

and the absorption coefficient is therefore decreased. 

The concept of carrier lifetime is introduded for steady 

states. In studying the carrier transport we consider un­

perturbed electronic states and the transport properties 

of carriers occupying these states are perturbed by vari­

ous scattering centers. At the normal QWIP device 

working temperature of 77 K, alloy scattering is expec­

ted to be dominant in GaAs/ AIGaAs-based materials. 

Phonon and impurity scatterings are limited due to the 

low device working temperature and spatially localized 

doping profile. 

We consider a ternary compound A,B I _, C, where 

the mole fraction x of atom A varies along the sample 

10' 

<: 

~ 10' 

T=77K 
1; 
" 

lo-'+-----.---~-_._-----r-~-_t 
o -2 -4 

V'/V 
-6 -8 

Fig. 6 Dark currents spectra of an as-grown QWIP 

sample( solid line) • annealed (dOlled line) 

and ion-implantpd with H + dose of 

2.5 x 10\5 cm 3 (dashed line) 

growth direction ( z-direction ) so that x = x ( z). Now 

the potential energy V ( r) for the one-electron Schrod­

inger equation is divided into a virtual crystal part 

(12 ) 

and a random potential part 

V'er) = 2.cJV4(r -a) - VB(r -a)], 03 ) 

where V\ ( r - a) and V Il ( r - a) are periodic atomic 

potentials of compound AC and BC, c a is a random 

function which is defined only at lattice site a, 

c = {O - x) 
" -x 

for an A atom at a 

for a B atom at a 

The total scattering rate of state ik 

M ( ik) = D 2 [1 - f( E,k ) ] 

(14 ) 

J[1 - x(z) ]x(z)<p,(z) j 4dz, (15) 

The velocity relaxation time associated with alloy scat­

tering is 

T (ik) 
2'1ThD 

2 [1 - f( E,k) ] 

J[ 1 - x(z) ]x(z) j <p,(z) j 4dz, 

06 ) 
The above expression reduces to the ones of Ando" 33 

Bastard: 34 when the alloy composition is constant in 

the barrier region. It further reduces to the one of bulk 

material when the alloy composition is constant in the 

whole sample, e. g .• see Ref. [35 J . 
The mobility f.L= along the z-direction determined 

by the alloy scattering becomes then 

= ~J 2dK (K) ?(K) af(EI,;) 
f.L= n ' (2'1T)3 T 

1, aEI,;' 

( 17) 

where K = (K, k ), K IS the wave vector in the xy 

plane. hI', = aE,/ak. Increasing L from 2.9 to 6.5 A 
( corresponding to the H + dose of 2. 5 x 10 15 cm -3 ) , the 

calculated mobility decreases from O. 82 to O. 33, a 

factor of 2. 5. We then expect an increasing factor of 

31. 978 x 0.33/( 6.875 x 0.82) = 1. 8 in the dark 

current, which agrees very well with Fig. 1 in the first 

part of this article, where a factor about 2.0 has been 

observed. For the photocurrent, it is O. 56 v. O. 65. 

Detailed data are listed in Table I. 

http://www.cqvip.com


红 外 与 毫 米 波 学 报 2l卷 

Table 1 Numerical values of physical quantities 

4 Summary 

It has thus been concluded that for n—type GaAs— 

A1GaAs—based quantum well infrared photodetector， 

(1)Optical grating is necessary because of the spheri— 

cal and parabolic energy band structure of the active 

relectrons in the GaAs—A1GaAs material f quantum se— 

lection rule)；(2)At the normal QWIP working condi— 

tion (77 K)，electrons are largely confined in the 

ground states in the quantum wells． Direct tunneling 

effect from one quantum well to the neighboring quan— 

turn wells is negligible．The dark current of the device 

consists of mainly the drift·-diffusion current of thermal·- 

ly excited carriers；(3)Photoexcitation happens be— 

tween the ground state confined in the quantum well 

and the extended states above the barriers along the 

sample growth direction；(4)At normal QWIP working 

temperature，the transport of the therm ally—excited and 

photocarriers is in the form  of three·-dimensional drift·- 

diffusion limited by the alloy scattering due to A1 atom 

distribution． 

REFERENCES 

『1]Ryzhii V．Characteristics of quantum well infrared photode— 

tectors．J．App1．Phys．，1997，81：6442——8 

【2 l Thibaudeau，L，Bois P，Duboz J Y．A seIf-consistent model 

for quantum well infrared photodetectors．J．App1．Phys．， 

1996，79：446——54 

[3]Andrews S R，Miller B A．Experimental and theoreticaly 

studies of the performance of quantum well infrared photode— 

tectors．J．App1．Phys．．1991 70：993一 l003 

[4]Whitney R L，Cuff K F，Adams F W．Chapter 3 long wave— 
length infrared photodetectors based on intersubband transi— 

tions in 111一V semiconductor quantum wells，Semiconductor 

Quantum Wells and Superlattices for Long—Wavelength Infra— 
red Detectors．Boston Artech House Boston：Artech House． 

1993．55—— 108 

[5]Fu Y Willander M，Lu W，et a1．Optical coupling in quan— 

tum well infrared photodetector by diffration grating．3．App1． 

phys．，1998，84：5750 ——5 

[6]Madhukar A．Physics of Q~ntum Electron Devices，Berlin 
Springer—Verlag：1990，50 

[7]Gavrilovic P，Deppe D G，Meehan K，et a1．Implantation 

disordering of AI Gal一 As supperlattices．App1．Phys．Lett． 

1985，47：130——2 

[8]Elman B，Koteles E S，Melman P．GaAs／A1 GaAs quantum 
well interm ixing using shallow ion implantation and rapid 

thermal annealing．J．App1．Phys．，1989，66：2104——7 

[9]Chi J Y，Wen X，Koteles E S，et a1．Spatially selective 
modification of GaAs／AIGaAs quantum wells by SiO capping 

and rapid therm ai annealing．App1．Phys．Lett．，1 989，55： 

855--——7 

[10]Steele A G，Buchanan M，Liu H C．et a1．Postgrowth tun— 
ning of quantum well infrared detectors by rapid therm al an— 

nealing．j．App1．P s．，1994，75：8234— 6 

[1 1]Tan H H，Williams J S，Jagadish C，et a1．Large energy 
shifts in GaAs-·AIGaAs quantum wells by proton irradiation-· 

induced inter mixing．App1．Phys．Lett．，1996，68：2401—— 

3 

[12]Yuan S，Kim Y，Tan H H，et a1．Anodic—oxide—induced 

interdiffusion in GaAs／AlGAaAs quantum wells． J．App1． 

Phys．，l998，83：1305— 11 

[13]Li Ning，Fu Y，Karlsteen M，et a1．Fine structures of pho— 
to—response spectra in quantum well infrared photodetector． 

App1．P "．Lett．．1999，75：2238— 40 

[14]Li Na，Li Ning，Lu we，et at．Proton implantation and 
rapid therm al annealing effects on GaAs／AIGaAs quantum 

well infrared photodetector． Superlattices and  Microstrttc— 

tures，1999，26：317— 24 

[15]Crank J．The Mathematics ofDiffusion，Oxford：Clarendon 
l956 

[16]Redinbo G F，Craighead H G，Hong J M．Proton implan— 

tation interm ixing of GaAs／A1GaAs quantum wells．J．App1． 

P "．1993．74：3099— 102 

[17]Feng W，Chen F，Cheng W Q，et a1．Influence ofgrowth 
conditions on AI-·Ga interdiffusion in low-·temperature grown 

AIGaAs／GaAs multiple quantum wells． App1．Phys．Lett．， 

1997．71：l676— 8 

[18]Sofo J O，Balseiro C A．Intrinsic bistability in resonant 
tunneling structures．Phys．Rev．，1990，B42：7292——5 

[19]Fu Y，Williander M．Charge accumulation and band edge 

in the double barrier tunneling structure．J．App1．Phys．， 

1992，71：3877——82 

[20]Fu Y，Li N，Karlsteen M，et a1．Thermoexcited and pho— 

toexcited carrier transports in a GaAs／A1GaAs quantum well 

infrared photodetecor．J．App1．Phys．，2000，87：511——6 

[21]Levine B F，Bethea G C，Hasnain G，et a1．High sensitiv— 

ity low dark current 1 0 GaAs quantum well infrared photode— 

tector．App1．phys．Lett．，1990，56：851 

l 22 lWilliams G M，DeWames R E，Farley C W，et a1．Excess 

tunnel currents in AIGaAs／GaAs mulitiple quantum well in— 

frared detectors．App1．Phys．Lett．，1992，60：1324 ——6 

[23]BahderT B，Morrison C A，Bruno H D．Resnant level li． 

fetime in GaAs／AIGaAs double—barrier structures． App1． 

Phys．Lett．．1987．51：1089 — 90 

[24]Buno J D，Bahder T B，Morrison C A．Limiting response 

time of double—barrier resonan t tunneling structures． Phys． 

维普资讯 http://www.cqvip.com 

406 

Table 1 Numerical values of physical quantities 

H + close[ 10'5 c:m-3 J 

Diffusion length L A 

Peak absorption coefficient 

n'th [107 cm-3 J 

Carrier mobility 

Dark current 

Peak photocurrent 

4 Summary 

0 2.5 

2.9 6.5 

24.75 34.61 

6.875 31. 978 

0.82139 0.32895 

1.8 

0.56 

Exp. 

2.0 

0.65 

It has thus been concluded that for n-type GaAs­

AIGaAs-based quantum well infrared photodetector, 

( 1 ) Optical grating is necessary because of the spheri­

cal and parabolic energy band structure of the active 

relectrons in the GaAs-AIGaAs material (quantum se­

lection rule); (2) At the normal QWIP working condi­

tion (77K), electrons are largely confined in the 

ground states in the quantum wells. Direct tunneling 

effect from one quantum well to the neighboring quan­

tum wells is negligible. The dark current of the device 

consists of mainly the drift-diffusion current of thermal­

ly excited carriers; (3) Photoexcitation happens be­

tween the ground state confined in the quantum well 

and the extended states above the barriers along the 

sample growth direction; (4) At normal QWIP working 

temperature, the transport of the thermally-t<xcited and 

photocarriers is in the form of three-dimensional drift­

diffusion limited by the alloy scattering due to Al atom 

distribution. 
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