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Effect of Relaxation Time on Hectron Transport Properties
in Double-Barrier Structures’
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Abdtract : Using a time-dependent quantumrkinetic simulation for the non-equilibrium electron transport proper-
ties of double-barrier devices,we have investigated and analyzed the effects of the relaxation time on electron
transport propertiesin this kind of low dimensional structure. The results show that the relaxation time,which
comes from the electron-phonon and electron-defect interactions,greatly aff ects the current-voltage curves,inclu-
ding the plateau-like gradient and hysteresis width of the current.
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1 Introduction

Recently ,the study of electron properties has
provided a great deal of information about the na
ture of electronic devices that operate at the nano-
structure level'® *'. Among these devices, double
barrier resonant tunneling nanodevices have been
extensvely studied due to their potential applica
tionsin variousfields’® "'. Modeling electron trans
port at the nanoscale poses a great theoretical chal-
lenge ,because in this region the semiclasscal Bolt-
zmann Kkinetic equation commonly used to describe
electron transport is not applicable. Furthermore,
the transport processes become non-Markovian due
to the memory effectsinduced by all kinds of scat-
terings,such as phonon ,defect ,and impurity scat-
terings. Hence the device current is strongly de
pendent on the bias history of the device® .

The experimental studies by several research
groups of double-barrier nanodevices focuson their
current-voltage (1-V) relationship!® . There are
three main characteristicsin I-V curve among these
structures: first , a negative differential red stance;
second , the current plateau-like structure shownin
some experiments® ™ :and third, the presence of
sngle or double current hysteress regions™™ .
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All these phenomena strongly depend on the struc-
ture of the devices and the experiment parameters.
In order to explain the experimental results, re-
searchers have used quantum transport theo-
ries™®*") . Now ,some researchers a so use numerical
smulation methods, such as generalized tunneling
theory!™® and the Wigner transport equation*® %! |
but they do not consider the effectsfrom the varia
tion of the relaxation time.

2 Theoretical model and method

In thispaper ,we study the effectsof the relax-
ation time on electron transport properties of an
Al GaAg GaAd Al GaAs double-barrier device u-
sng a time-dependent numerical smulation tech-
nique. The potential structure of the device model
isshownin Fig. 1. Our results show the effect on
the I-V curvesfrom the electron-phonon ,electron-
defect ,and electron-impurity interactions. We use
the Wigner function formulation of quantum me-
chanics because it can handle disspated and open
boundary systems naturally?*! . With the lowest-
order approximation to the scattering term, the
time-dependent dynamic equation for quantum
transport is
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Fig.1 Potential structure of the smulated device un-
der a certain bias
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where the kernel of the potential operator is given

by
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where m” isthe electron effective mass,x and r are
the Wigner-Weyl trandormation coordinates,U is
the conduction-band edge, L is the length of the
smulation device ,and f (x, k) is the Wigner func
tion. Appropriatdy treating scattering in semi-
conductorsis very important for obtaining reasona
ble smulation results. We employ the relaxation
time approximation to deal with the scattering. In
the relaxation time approximation, the collison
term in the above equation is written as

0f (X, k) _ ;L[J-(—‘—)— f(x,k)dk- f(x, k)

Vix,k- kK) =

ot fo(x,k)d

(3)
whereT isthe relaxation time,and fo isthe equilib-
rium Wigner function. The boundary conditions
used are the same as those given by Frenday!* :
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Each termin Eq. (1) can be discretized ,and for the
steady state case the entire equation is written as
(T+V+S - -f=8B (6)
where T,V ,and S are the kinetic,potential ,and
scattering operators,respectively ,B is the boundar
ry condition term,and f isthe Wigner function. To
discretize the problem ,we use a picture of & smu-
lation box” in phase space. The spatial length of
the amulation region is L ,and momentum space is
CTL(Ny-1)
2L
Nx is the discrete point in postion space.
The time-dependent s mulation can befoundin
Ref.[21]. The corresponding electron and current
density may be obtained by the k space integral of
the Wigner function. Another important equation
in our model isthe Poisson equation (PE) :
S nx] (@
where€ isthe dielectric permittivity ,u(x) isthe e-
lectrostatic potential ,qis the electronic charge, Nq
(x) is the concentration of ionized dopants,and n
(x) isthe dendty of electrons.

from - | Kmax| tO | Kmax| . Kmax ,where

,u(x) = g [Na(X) -

3 Resultsand discussion

We have studied the effects of the relaxation
time on the |-V curvesin symmetrical double bar-
rier structures using the transent Wigner- Poisson
transport method. We smulate the intensty of e
lectron-phonon interactions by changing the relaxa
tion time. The parameters used in the smulation
are as follows. The momentum and postion spaces
are broken into 72 and 86 points,respectively. The
donor density is Ne =2 0% 10" cm™*® ,and the quan-
tum well and barrier regions are undoped. The
compensation ratio for scattering calculations is
0. 3 ,and the barrier and quantum well widths are 3
and 5nm, respectively. The smulation box is
55nm ,and the barrier potential is317meV . The de-
vice temperature is 77K ,and the effective mass of
an electron is assumed to be a constant of
0. 0667 mo. The doping extends to 3nm before the
emitter barrier and after the collector barrier.

We first study the mean |-V relationship in
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the forward bias sweep process for the double bar-
rier structure. The results are shown in Fig. 2,
which give the mean |-V curves for relaxation
times ranging from 100 to 1000fs. Here different
relaxation times mean different electron-phononin-
teractions.
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FHg.2 IV curves under different relaxation times in
the forward bias sweep

From the figure ,we can see that for different
relaxation times ,the peak value of current and the
width of the current hysteress plateaulike struc
ture are different. Here small relaxation times cor-
respond to strong scattering systems,i.e. Jlarger e
lectron-phonon and electron-defect interactions.
With the increase of relaxation time,the electron
scattering is weakened, and the current curve
shows the following main characteristics: (1) The
change trend of the main current peak value is
shown in Fig. 3 (a) , which shows a nonlinear
change; (2) The main peak-valley ratio increases
with the relaxation time and shows a linear-like
change ,as shownin Fig.3(b) ; (3) The hysteress
peak value of the current increases with the relaxar
tion time ,and the change mainly happensin 525fs,
which is the relaxation time of the body material ,
as shownin Fig.3(c) ;(4) Thewidth of the hyster-
essof the current only changes around the relaxa
tion time of the body material ,as shown in Fig. 3
(d) ,and shows stable saturation for low and high
relaxation times;and (5) The gradient of the plat-
eau-like structure increases gradually with the re-
laxation time.

In our former studies® ,we pointed out that
there are two factors determining the plateau-like
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FHg.3 Hfect of relaxation time on the current peak
vaue(a) ,the main peak-valley ratio (b) ,the hysteresis
current peak (c) ,and the width of the plateawlike
structure of the current (d)

structure of the current :one is the coupling of the
energy level between the main quantum well and
the emitter quantum well ,which leads to the in-
crease of the current density ;the other is the elec
tronexciton interactions, such as the electron-pho-
non and electron-defect interactions,which weaken
the current density. Our theoretical calculation al o
verifies this viewpoint ,i. e. ,the strong interactions
lead to a decrease in the width and gradient degree
of the plateaurlike structure of the current , even
making the plateaulike structure of the current
di sappear.

For the backward bias sweep process,Figure 4
shows that the relaxation time does not affect the
position of the current and the negative differential
conductance ,while only affecting the height of the
current peak. The above results show that for the
devices with the same material ,various fabrication
techniques sometimes lead to the disappearance of
the hysteresis of the current and the current bista
bility after the resonant bias. In order to find the
hysteres s and bistability of the current ,apart from
decreasing the bias step on the device ,we must im-
prove the fabrication techniques to obtain good
samples.

In order to explain the effect of the relaxation
time on the mean current ,we give the time depend-
ent current curves and local electron density distri-
bution for the different relaxation timesin the for-
ward bias sweep process. Figure 5 shows the time
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quantum well.
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der backward bias sweep The inset gives the relaxa
tion time in the unit of fs

dependent current curvesin a bias vol-tage lyingin
the window of the hysteress region. From the fig-
ure ,we can see that the amplitude of the time de-
pendent current oscillation increases gradually with
the relaxation time. Thisfurther verifiesthat the e

lectron-phonon interactions weaken the oscillation
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FHg.5 Timedependent current curves under different
relaxation times under a bias lying in the window of the
current hysteresis region

of the current ,destroying the coupling model of the
energy level. According to our coupling theory ,the
coupling is due to the formation of the emitter
quantum well ,s0 the relaxation time must affect
the distribution of the electron dendty. Figure 6
shows that the exhaust layer of electron density
before the emitter barrier increases with the relax-
ation time, afecting the formation of the emitter

Fg.6 Loca €electron densty distributions under dif-
ferent relaxation times under a bias lying in the window
of the current hysteress region

4 Conclusion

From the above analysis,we know that the re-
laxation time (the mean collison scattering time of
an electron) has an important effect on the I-V be
havior in double-barrier structures. An increase of
electron scattering time leads to an increase in the
width and gradient degree of the current hysteress
plateau-like structure. In a strong electron scatter-
ing situation ,thereisonly negative differential con-
ductance ,and the hysteresis of the current and the
plateaurlike structure of the current disappear conr
pletely. At the same time,the scattering also af-
fects the current peak-valley ratio. In order to ob-
tain a large current peak-valley ratio and an obvi-
ous current bistability after the resonant bias,we
must fabricate a high-quality double barrier sam-

ple.
References

[1] Kawakami R K,Rotenberg E,Choi Hyuk J,et a. Quantunmr
well statesin copper thin films. Nature,1999 ,398:132

[2] Grundler D. Large Rashba splitting in InAs quantum wells
due to electron wave function penetration into the barrier lay-
ers. Phys Rev Lett ,2000 ,84:6074

[ 3] Snoke D ,Denev S,Liu Y ,et a.Longrange trangport in excit-
onic dark statesin coupled quantum wells. Nature ,2002 ,418:
754

[4] Nazarov Y V ,dazman L |. Resonant tunneling of interacting
electronsin a one-dimensonal wire. Phys Rev Lett ,2003,91:
126804



608 27

[5] Polyakov D G,Gornyi | V. Transport of interacting electrons of InGaA¢ InP quantum wells by scanning capacitance mi-

through a double barrier in quantum wires. Phys Rev B ,2003 , croscopy. Appl Phys Lett ,2003,83:4205

68:035421 [16] Patane A ,Polimeni A ,EavesL et a.Modulation of the lumi-
[ 6] Gebauer R,Car R. Kinetic theory of quantum transport at the nescence spectraof InAs self-assembled quantum dots by res

nanoscale. Phys Rev B ,2004 ,70:125324-1 onant tunneling through a quantum well. Phys Rev B ,2000,
[ 7] BlakedeyJ C,See P,Shields A J et d. Eficient sngle photon 62:13595

detection by quantum dot resonant tunneling diodes. Phys Rev [17] Lapushkin |, Zakharova A, Gergel V ,et a. Sdf-cons stent

L ett ,2005,94:067401 modeling of the current- voltage characteristics of resonant
[ 8] Ikeda H,lwasaki M ,Ishikawa Y ,et a. Resonant tunneling tunneling structures with type heterojunctions. J Appl

characteristicsin 902/ 9 double barrier structuresin a wide Phys,1997 ,82:2421

range of applied voltage. Appl Phys L ett ,2003,83:1456 [18] Klimeck G,Lake R ,Bowen R C,et a. Quantum device s mu-
[9] EavesL ,Toombs GA ,Sheard FW ,et a. Sequentia tunneling lation with a generalized tunneling formula. Appl Phys Lett,

due to intersubband scattering in double-barrier resonant tun- 1995 ,67 :2539

neling devices. Appl Phys Lett ,1988 ,52:212 [19] RivasC LakeR,Frendey W R. Full band modeling of the ex-
[10] Golman V J,Tsui D C,Cunningham J E. Evidence for LO- cess current in a deltardoped dlicon tunnel diode. J Appl

phonon-emissonrasssted tunneling in double-barrier hetero- Phys,2003 ,94 :5005

structures. Phys Rev B ,1987 ,36:7635 [20] Zaccaria R P,Ross F. On the problem of generalizing the
[11] Sollner T CL G. Comment on* Observation of intrindc bista semiconductor Bloch equation from a closed to an open sys

bility in resonant-tunneling structures’ . Phys Rev Lett ,1987 , tem. Phys Rev B ,2003 ,67:113311

59:1622 [21] Zhao Peiji ,Cui H L ,Woolard D L.Dynamical instabilities and
[12] Tsuchiya M, Sakaki H. Dependence of resonant tunneling I-V characteristicsin resonant tunneling through double-bar-

current on well widths in AIAY GaAg AlAs double barrier rier quantum well systems. Phys Rev B ,2001 ,63:075302

diode structures. Appl Phys Lett ,1986 ,49:88 [22] Frendey W R.Boundary conditionsfor open quantum systems
[13] Reker T,Im H BremmelL E, et a. Efective mass anisotropy driven far from equilibrium. Rev Mod Phys,1990 ,62:745

of electronsin GaAg Al GaAs quantum wells. Phys Rev Lett , [23] Jacoboni C,Bordone P. The Wigner-function approach to norn-

2002 ,88:056403 equilibrium electron transport. Rep Prog Phys,2004 ,67:1033
[14] Goldman V J,Tsui D C,Cunningham J E. Observation of in- [24] Da Zhenhong,Ni Jun. Sudy on the current bistability and

trindc bistability in resonant tunneling structures. Phys Rev hysteress in resonant-tunneling structures. Phys Lett A,

Lett ,1987 ,58:1256 2005 ,342:272
[15] Maknys K ,Douheret O,Anand S. Electrical characterization

*
1,2 1.t
(1 , 100084)
(2 , 264005)
, - - - -V
: ; Wigner ;
PACC: 7335; 0365; 7360L
: TN30 DA . 0253-4177(2006) 04-0604-05
* ( : G2000067107) ( :10404022)
1 . Email :junni @mail . tsinghua. edu. cn
2006-01-21 ,2006-02-15 ©2006



