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On the problem of generalizing the semiconductor Bloch equation from a closed to an open system
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A microscopic theory for the description of quantum-transport phenomena in systems with open boundaries
is proposed. We shall show that the application of the conventional Wigner-function formalism to this problem
leads to unphysical results, such as injection of coherent electronic states from the contacts. To overcome such
basic limitation, we propose a generalization of the standard Wigner-function formulation, able to properly
describe the incoherent nature of carrier injection at the device spatial boundaries as well as the interplay
between phase coherence and energy relaxation/dephasing within the device active region. The proposed
theoretical scheme constitutes a quantum-mechanical derivation of the phenomenological injection model
commonly employed in the simulation of open quantum devices.
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Present-day technology pushes device dimensions towatdere, f‘g denotes the equilibrium carrier distribution in the
limits where the traditional semiclassical transport th&ory contacts, whiler, can be regarded as the device transit time
can no longer be applied, and more rigorous quantumfor an electron in state.. As anticipated, in spite of a rigor-
transport approaches are requifedowever, in spite of the ous treatment of the scattering dynamiesa the standard
quantum-mechanical nature of carrier dynamics in the cor@oltzmann collision term involving microscopic scattering
region of typical nanostructured devices—such as semiconates W,,/), the last(relaxation-time-lik¢ term describes
ductor superlattices and double-barrier structures—the oveearrier injection/loss on a partially phenomenological level
all behavior of such quantum systems is often the result of and does not depend on the real position of the device spatial
complex interplay between phase coherence and energpundaries. Indeed, although the transit times related to
relaxation/dephasingthe latter being primarily due to the the device dimensions, the semiclassical distribution function
presence of spatial boundarfes.follows that a proper treat-  f_ does not provide a fully quantum-mechanical real-space
ment of the nanoscale devices requires a theoretical modqﬂescription_
ing able to properly account for both coherent—i.e., In order to provide a fully microscopic real-space formu-
scattering-free—and  incoherent—i.e., phase-breaking—ation of the carrier-injection process, we shall start revisiting
processes on the same footing. To this end, a generalizatiqRe theoretical approach proposed in Ref. 6. The starting

to open systems—i.e., systems with open boundaries—of thgoint is the conventional SBE for a closed systeht?
well-known semiconductor Bloch equatiGSBE) has been

recently proposefl.However, the theoretical analysis pre- d
sented in Ref. 6 is primarily related to the interplay between dtPaes™ > L ayay,afalPalal; 2
phase coherence and energy relaxation within the device ac- aja;

tive region, and—apart from its abstract formulation—no de- ) o
tailed investigation of the carrier-injection procéémm the ~ Where the effective Liouville operator
electrical contacts into the device active regidras been
performed so far. L ) ,:i
Aim of the present paper is to provide a quantum- “%2:%N% if
mechanical description of the coupling dynamics between .
the device active region and external charge reservoirs, abié the sum of two terms: cohererite., scattering-free
to account for the semiphenomenological injection model$ingle-particle evolutiond, denoting the single-particle en-
commonly employed in state-of-the-art simulations of realis-ergy of statex) plus energy-relaxation/-dephasing dynamics;
tiC one- and two_dimensiona| open quantum dev?ces_the |atter |S. qescr|bed.|n te.I‘mS Of the Scatte“ng terE,OI’
Among such simulation strategies it is worth mentioning thewhose explicit form, given in Ref. 5, involves the micro-
approach recent|y proposed by Fischetti and CO—WOI*?(BQS: Scopic |r-1' and Outiscatterlng rates :for the various !nteraCtIOIj
denoting withf,, the carrier distribution over the electronic Mechanisms considered. The key idea proposed in Ref. 6 is
statesa of the device and withW,,, the microscopic scat- {0 apply the usual Weyl-Wigner transform
tering rates(due, e.g., to carrier-carrier and carrier-phonon

(Eal_ 6012) 5a1a2 ,aiaé-‘r Falaz ,aiaé (3)

interactiorn), the transport equation proposed in Ref. 8 is of B , "\ emikr . r'
the form? ualaz(r,k)—f drige|r+= (27)3’2%2 ==/
(4)
d h—
— = (Wi f =Wy, f o) +——2. (1) [¢a(r)=(r|a) denoting the single-particle wave function of
dt o’ Ta state o] to the SBE in Eq.(2). In this way the latter is

0163-1829/2003/611)/1133114)/$20.00 67 113311-1 ©2003 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B57, 113311 (2003

(a)
a PN 5
c | T N 8
s ‘\ -g
c VOB
= :
[3] c [
ot o [
8 5 VB
€ || Potential <::> 2 \ O
8 profile 2 01 00 o1
s Wavevector (1/nm)
(o) e
o]
= A\
U scheme o
° °
s 3
c c
8 / \ 8 j
04 T B I_'_________T ___________
-20 -10 0 10 20
Position (nm)
Z ot (k>0) Zright (k<0)

FIG. 2. Comparison between the real-space charge distribution

FIG. 1. Schematic representation of the device active regiorﬁ?(t?)'n_eg ffro|r; t(kr“)e|thsggtr?e?jnZfr%ié::;én{ﬁztlﬁw?cggggl i::nmEgj.el

sandwiched between its electrical contaGs and of the corre- CCatal@adl /] T * . b

spondingU boundary-condition scheme for a one-dimensional sys-In Eq. (9) [n(.r)_Ealaz.pﬂla2¢“1(r)¢.a2(r)_so“d curvg for. a

tem. The latter implies, in particular, the knowledge of the incomingGaAs-based single-barrier structufeightVo=0.5 eV and width

Wigner functionf(z, k), i.e., f(Zen,k>0) andf(zgy,k<0). a=4 nm) equ_ldlstar_lt from the elet_:trlqal contacts. In this room-
temperature simulation, due to a misalignmant=0.2 eV of the

left and right chemical potential, carriers are primarily injected from

left (total carrier concentration=10" cm %). The corresponding

charge distribution in momentum space is also reported in the inset

(see text

translated into its phase-space representatjkn which al-
lows to impose to the Wigner functitn

F(rK)= 2 Uayay(TK) Payay (5)

@12 structure: a single-barrier equidistant from the device con-
the desired values at the device spatial boundaries accordifgcts(see Fig. 2 As basis states, we adopt the scattering
to the well-known ‘U scheme” depicted in Fig. 1. More States of the device potential profile; moreover, to better
specifically, in order to impose the desired spatial boundarydentify the role played by carrier injection, we shall neglect
conditions to the equation of motion féywe add and sub- all other sources of energy relaxation/dephasing in the device
tract a source term active region, like carrier-phonon and carrier-carrier scatter-
X ing: Falaz’aiaézo [see Eqg.(3)]. Under these assumptions,
S(r.k)=v(k)f>(k) 8(r—rp), (6) Eq. (7) in steady-state conditions reduces to
where v (k) denotes the negative or incoming part of the .
carrier group velocity normal to the boundary surface and '_(6 — €, )Pua— > AL )Pl =S,
f°(k) is the Wigner function describing the distribution of %~ “1 "7 ®1%2 4=, T me92.a 0TG5 T

M- . . " 172
the injected carriers. By applying the inverse of the Weyl- (9)
Wigner transform in Eq(4) to the new equation of motion ) . ) i
for f, we finally get Figure 2 shows results for the single-barrier potential profile
when carriers are primarily injected from left. Here, the
d ~ simulated real-space charge distribution obtained from the
dtPeres™ E L ayay,afalPalalt Sajay (7)  phenomenological injection model in EA.) (dashed curve
“192 is compared to that of the microscopic model in Ef)
where the effective Liouville operatdr corresponds to the (solid cu_rveﬁ; As we can see, the wo mo_dels give com-
operatorL in Eq. (3) renormalized by pletgly different results. T.he_phenomenologl.call model gives
basically what we expect: since we have significant carrier
injection from left only and since the potential barrier is rela-
Aloay,ala)= —f drpdkuy o (rh . K)o (K)Ug: 41 (T . K) tively high, the carrier distribution is mainly located on the
(8) left side. In contrast, the microscopic model gives an almost
symmetric charge distribution. In order to understand the ori-
andS, ., is the Weyl-Wigner antitransform of the source gin of this unphysical result, let us focus on the nature of the
term in Eq.(6). Equation(7) is the desired generalization to source term in Eq(7). Contrary to the phenomenological
open systems of the SBE in E).} injection/loss term in Eq(1), the latter is intrinsically non-
In order to validate the theoretical approach presented sdiagonal, i.e., the injection of a carrier with well-defined
far, we shall focus on a very simple semiconductor nanowave vectork [see Eq.(6)] is described by a nondiagonal
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source contributiorSalaz. In other wordswe inject into the The new Wigner function can then be regarded as a sort of

device active region a coherent superposition of states ~Cconvolution of the original one with the kernlin Eq. (13).
and a,, in clear contrast with the idea of injection from a This may recall a well-established procedure used to obtain
thermal—i.e., diagonal—charge reservoir. More specificallyPositive-definite phase-space quantum distributions, the so-
in this case the generic scattering staten the left comes ~called “smoothing procedure:” However, we stress that
out to be an almost equally weighted superposition+d thls_ is not thg case(:)_.here there is no need for a positive-
and—k: ¢,(2)=ae*?+be k2 This, in turn, tells us that definite functlon, gndu) contrary to the standard smoothlng
the generic plane-wave staténjected from the left contact procedure, the initial and final phase spaces do not coincide
is also an almost equally weighted superposition of the Iefﬁr"k,_’rlﬁ;ﬁz)- . ) .
and right scattering states. This is why the charge distribution BY adopting as basis St&}tbﬁ) again the scattering states
(solid curve in Fig. 2 is almost symmetric: any electron Of the device potential profiler), and assuming a diagonal
injected from left couples to left as well as to right scatteringSource term of the form
states. The anomaly of the microscopic model is even more — b
pronounced if we look at the carrier distribution in momen- Suya) (N =04, Fa, 000,61 —Tp), (14
tum space(see inset in Fig. 2 While for the phenomeno- . ) ] —
logical model(dashed curve we get a positive-definite dis- the equation of motion for the new Wigner functiénin Eqg.
tribution showing, as expected, the two symmetric wave{11) will be given by
vector components of the scattering state, the microscopic
result is not positive definite; this tells us that the boundary- ~ — % ()= > J dr'ly o wrar (0 F ) Farar (1)
condition scheme considered so far does not provide a dt “1%2 . 172717 172
“good” Wigner function.
The scenario previously discussed is highly nonphysical; +§a (1), (15)
it can be mainly ascribed to the boundary-condition scheme ve
employed so far, which implies injection of plane-wave elec-ith a renormalizatiom\L, ., q!4(r.r") given by
trons[see source term in E@6)], regardless of the shape of
the device potential profile. This is an intrinsic limitation of _Ual5al,a25ala2,a;aé5(r_rb) S(r—r"). (16
the conventional Wigner-function representatiok. It is o
then clear that, in order to overcome this limitation, what weWe stress that now the source te8rin Eq. (14) describes
need isa boundary-condition scheme realizing diagonal in- diagonal injection over the scattering stategth velocity
jection over the scattering states of the device potential v ), as requested. Indeed, if we now integrate Ed) over
profile. the real-space coordinate we get again the density-matrix
To this end, in this paper, we propose a generalization oéquation in Eq.(7), but now with a diagonal source term
the Wigner-function formulation considered so far. The keys, , =v, f® 8, , and a much simpler—i.e., partially
idea is to extend the Weyl-Wigner transform in Ed) from - 2 vt
thek to a generic basis sétg)} according t&*

X%

diagonal—renormalization term Alaay,alay=

—04,8, u®2(r,). In the scattering-free case, the station-

ajay aja,
r+ T r+— ary solution is again described by E®). However, due to

2 2 the diagonal nature of the new source term as well as of the
( r’) partially diagonal structure ofL, Eq. (9) has now a diago-

o ’ rI
aap _ ’ *
uﬁlﬁz(r) Qf dr ¢al XB]_

r’) .
I’—E ¢

ol 1~ 5 (10) nal solution palazzfa15 More specifically, the diago-

2 nal density-matrix elements, obey the following steady-

where ) denotes the volume of the simulated region. Instate equation:
analogy to Eq(5), our generalized Wigner function is given
13

by > Tourfor=12, 17

><)(52

aay’

fﬁlﬁz(r):(zz uﬁiﬁz(r)palaz' (1D) with 7, =u’? ,(rp). Equation(17) is semiclassical in na-
__ ture, i.e., it involves diagonal density-matrix terms only.
By combining Eqs(5) and(11), the new Wigner functior However, contrary to the phenomenological injection model
can be easily expressed in terms of the standard one as in Eq. (1), here the distribution function in state is the
result of an “incoherent superposition” from all the injection
channelsfazia,T;j,fZ, . We finally stress that, by replac-
ing the 7 with the identity operator{,, = d,.’), the phe-
nomenological injection model in Eql) is recovered. Fig-
ure 3 shows again results for the single-barrier potential
profile previously considered. Here, the simulation based on
Kgp(rir' k)= E Ugng(r)uz (kD). (13 the phenomenological injection model in E(.) (dashed
v ajap, 172 e curves is compared to that of the new microscopic model in

f_gl,ez(f)=fdr’dk’lCﬁlﬁz(r;r’,k’)f(r’,k’), (12)

with
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phenomenological model in E¢L) provides reliable results.
B At this point, a question needs to be answek&duld it be
i "\ possible to describe the diagonal injection over the scatter-
- ing states in Eq. (14) by means of a “ad hoc” source term
P S(r,k) within the standard phase spac&®e answer to this
i question is yes. However, a closer inspection reveals that
5T 00 X such an “ad hoc” function can never be pointlike in space,
Wavevector (1/nm) which in turn does not allow to employ the conventional
boundary-condition approach considered so(§ae Fig. 1,
where we impose the value of the Wigner distribution only at
the device spatial boundaries by means of an effective point-
like source tern{see Eq.(14)]. Therefore, the generalized
Weyl-Wigner representation proposed in this paper is not
0 N only physically sound, but it allows to maintain all the well-
20 10 0 10 20 known advantages of the standard boundary condition
Position (nm) scheme. We finally stress that the analysis proposed is not
“self-consistent,” i.e., there is no self-consistent solution of

Charge distribution

Charge distribution

Eq. (17) (see text be implemented exactly as in the standard Wigner-function
approach.
Eq. (17) (solid curve$. As we can see, the highly nonphysi-  In conclusion, we have proposed a quantum treatement of

cal behaviors of Fig. Zsolid curve$ have been completely transport phenomena in systems with open boundaries. Our
removed. Indeed, the momentum distribution in the inset isanalysis has shown that the conventional Wigner-function
always positive-definite and the two models exhibit a veryformalism leads to unphysical results, such as injection of
similar behavior. We find relatively small deviations close tocoherent superpositions of states from the device spatial
the device spatial boundaries, which can be ascribed to theoundaries. This basic limitation has been removed by intro-
interlevel injection couplindZ, . [see Eq(17)], not present ducing a generalization of the standard Wigner-function for-
in the phenomenological injection model. This is clearly amulation, able to properly describe the incoherent nature of
fingerprint of our real-space description, where the pointlikecarrier injection. The proposed theoretical scheme constitutes
carrier injection is located at the device spatial boundariesa rigorous derivation of the phenomenological injection
However, when the device active region is relatively far frommodels commonly employed in the simulation of open quan-
the contacts these deviations can be safely neglected, and than devices.
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