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Off-zone-center or indirect band-gap-like hole transport in heterostructures
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Unintuitive hole transport phenomena through heterostructures are presented. It is shown that for large bias
ranges the majority of carriers travel outside theone centefi.e., more carriers travel through the structure
at an angle than straight througistrong interaction of heavy-, light-, and split-off hole bands due to hetero-
structure interfaces present in devices such as resonant tunneling diodes, quantum-well photodetectors, and
lasers are shown to be the cause. The result is obtained by careful numerical analysis of the hole transport as
a function of the transverse momentuain a resonant tunneling diode within the framework o p3s*
second-nearest-neighbor tight-binding model. Three independent mechanisms that generate off-zone-center
current flow are explained:l) nonmonotonic(electronlike hole dispersion(2) lighter quantum well than
emitter effective masses, aif@) strongly momentum-dependent quantum-well coupling strength due to state
anticrossings. Finally a simulation is compared to experimental data to exemplify the importance of a full
numerical transverse momentum integration versus a Tsu-Esaki approximation.
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|. INTRODUCTION C. Approach
A. Nanoelectronic modeling(NEMO) Hole states are significantly more complicated than elec-

tron states due to the existence of light-hdléd), heavy-

Hole (HH) and split-off (SO) bands in(roughly) the same
energy range. These bands are coufsied due to transla-
flonal symmetry breakingspatial material and potential

The quantum-mechanical functionality of devices such a
resonant tunneling diodedRTD’s), quantum-well infrared
photodetectors, and quantum-well lasers are enabled by m

Leerézlrovse':rrtjacttlﬁrs doenviigsaifsoggliiggl?ﬁ ;h\;ea;:trt(ajaet;?nnosf g‘fes%?riations) that are inherent in any interesting electronic de-
gn sp vice and due to spin-orbit coupling. Envelope-function rep-

material compositions, layer thicknesses, and dpplng PlOresentations have been used extensively in much of the pub-

Sished work on hole transpotf-23This paper is an extension
of previous work by Kiledjiaret al. who usé*?® a nearest-
neighborsp3s* empirical tight-binding basis which includes
NEMO was develoned as a oeneral-nurpose quantu the spin-orbit interaction to all orders and incorporates wave-
mechanics-based onpe-dimensior@%D) devFi)cepdesi ﬂ and Munction coupling at interfaces through orbital interactions.

) 9 To better fit®?’ the complicated valence-band dispersion
analysis tool from 1993-1997 by the Central Research Labo- ~ . . :

we include both nearest- and second-nearest-neighbor inter-

ratory of Texas Instrumentater Raytheon Systemsrree actions? The sp3s* tight-binding parameters used in this
executables can be requested on the NEMO web!site; ' 9 gp

NEMO enables the fundamentally sound inclusion of the reyvork and the corresponding anisotropic masses are published

: e . Isewhere® Subband energies and widths are calcufatad
quired physics: band structure, scattering, and charge self- . . S
. N - a function of transverse momentum allowing for an intuitive,
consistency based on the nonequilibrium Green-function a “et detailed analvsis of hole transport mechanisms
proach. The theory used in NEMO and in this work is Y y P o
. . S . The work presented here was enabled by the implemen-
documented in Refs. 2—4 while some of the major S|mulat|or{

. tion of parallelis®’ in NEMO on simultaneous, various
results are documented in Refs. 5-11. NI.EMO developmeqfévels: voltage, transverse momentum integration, and en-
is presently cont_lnued at the Jet _Propulsmn _La_b oratory toérgy integration. The use of massively parallel computers
wards the modeling of light detection and emission deVICesénabIed the thorough exploratfrof the state space in total

energyE and transverse momentukfor a significant num-
ber of bias points.

is unfeasible and a reliable design tool is needed.
The nanoelectronic modeling toGNEMO) is one of the
first commercial grade attempts for such a modeling tool

B. Why quantum-mechanical hole transport?

Quantum-mechanical carrier transport research has fo-
cused on pure electron transport since most high-speed quan-
tum devices utilize the high-electron mobility in 1ll-V mate-  Sections Il and 11l discuss approximations for calculating
rials. Optical devices, however, typically involve quantum current. Section IV introduces the density of states and the
states in the valence bands. We study here the pure hoteansmission coefficient at zero transverse momentum and
transport in a hole-doped RTD to begin the study ofidentifies and labels the quantized states in the RTD. Section
guantum-mechanical electron and hole transport in lase¥ analyzes the transverse momentum dispersion in the RTD
structures. and its effects on the transmission coefficient. Section VI

D. Overview of the paper
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converts the energy- and momentum-dependent transmissior 0.0+
coefficients to a momentum-dependent current derdgiky:

Failure of the Esaki-Tsu approximation and significant cur- §
rent contributions off zone center are shown. In Sec. VIl £,
three origins of the off-zone-center current flow are identi- c>6 ’
fied. One of the off-zone-center generating mechanisms is 3
based on the momentum dependence of the resonanci§
widths, which are discussed in more detail in Sec. VIII. Fi- ©0.4
nally a comparison between theory and experiment is exam-<2
ined in Sec. IX and a plea for the simulation of scattering
within a multiband basis is made in Sec. X.

SOl
HIHS5 r
LH4

1
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II. MOMENTUM-DEPENDENT CURRENT DENSITY J(k)

Neglecting scattering in the central RTD region one can FIC- 1. Density of state¢s) and transmissiorb) computed in

i . -5
computé®® the coherent current using an expression of the'€ SP3s* model. Resonance linewidths are HHB: 1.4<10 ~,
formp g P 4.5x10°4, 1.8x10°3, 1.2x10°2, 2.8x10° meV; LH1-4: 5.4

X102, 1.7x10°, 4.6x10°, 1.9x10' meV, and SO1: 8.2
X 10"? meV. Transmission zeros are indicated with
Jocdef kdkT(E,K)[fL(E)—fr(E)] (1)
shown thatl(k) can exhibit sharply peaked featurestside
the Brillouin-zone centel” (k.,,,>>0). This indicates that
:f dEj kdkJE,k), 2 more holes traverse the structure at an angle than straight

) through the heterointerfaces. This is one of the central results
wherek is the electron momentum transverse to the transpors his paper.

direction normalized to the unit cedl by 7r/a, E is the total
energy, T the transmission coefficient, arfg,z the Fermi
function in the left/right contact. The dependence on the mo-
mentum angi# can be shown to be wedk. One common approach in reducing the required CPU
A transmission coefficient (E,k=const) as a function of time* needed to compute ahV characteristic is the as-
energy may be expensive to comptitsince it may contain sumption of parabolic transverse subbands such that the
sharp resonances (18-10"2 eV) that have to be resolved transmission coefficient has an analytic, parabolic transverse
well in an energy range of typically 1 eV. During the NEMO momentum dependenceE(E, k) =T(E—#%2k?/2m* ,k=0).
project algorithms that locatéand resolvé the resonances Under this assumption the transverse momentum integration
expedite the computation of (E,k=const). The Hamil- in Eq. (1) can be carried out analytically to result in the
tonian matrix elements in the device excluding the boundargo-called Tsu-Esaki formula,
conditions depend in a nontrivial form on the transverse mo-
mentum, while the energy dependence is strictly linear. It is
therefore convenient for numerical reasons to reverse the or- J“onf dET(E,k=0)In
der of integration in Eq(2), perform the simple Hamiltonian

construction as a function dE on the inner loop, and to where T is the temperature anél- the Fermi energy in the

IIl. TSU-ESAKI FORMULA

1+ elEr—B)/KT

1+ e(EFEqV)/kT) .

define an intermediate quantiffk) as follows: emitter.
The Tsu-Esaki 1D integration formula is capable of pro-
J(k) = f dEJE,K) 3y  viding qualitatively correct results for electron devic&&or
hole transport, however, this paper will underline that the
such that analytical Tsu-Esaki integration over the transverse momen-

tum becomes completely invalf4:2®

JOCJ' kdkJk). 4) IV. SPECTRAL QUANTITIES: DENSITY OF STATES,

. . TRANSMISSION, AND SUBBANDS
For electron transport it can be shoatfmhat J(k) typically

varies smoothly wittk which reduces the number kfpoints The model RTD considered here consists of ten mono-

needed to resolvé(k). layer (ML) AlAs barriers with a 20 ML GaAs well. To avoid
This quantityJ(k) is not only numerically convenient, but complications due to triangular notch stat&soutside the

it also bears physical insight as to “where” the carrier trans-RTD a linear potential drop is appli€d.A degenerate hole

port occurs irk space. It can be shown analyticaflyhat for ~ Fermi level of 8.4 meV is assumed corresponding to a dop-

an electron RTD the functiod(k) is peaked ak=0 and ing of 10" cm™ 3.

monotonically decreasing witk. This behavior indicates Figure Xa) shows the zero-bias density of states and

that the dominant current contribution arises from carriers atransmission coefficients computed with thp3s* second-

the Brillouin-zone centef’. For holes, however, it will be nearest-neighbor tight-binding model. The density of states
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FIG. 2. (a)—(c) Upper panel: Transmission coefficiefi$éE, k) and transverse momentum dispersiotk) at zero bias(a) T(E,k=0)
[compare to Fig. (b) in a smaller energy rangigb) E(k), the dispersion is strongly nonparabolic). T(E,k=0.039), transmission is clearly
not just an energy-shifted version of the transmission coefficien®ofSpectral features are significantly alteréd) Current density
integrandJ(k) [Eqg. (3)] on a logarithmic scale for three different applied voltages: 0.048, 0.113, and 0.1§R)\shows peaks off the zone
center atk>0. (e) Gray-scale logarithmic plot of the current density integrd(ki,V) as a function of transverse momentum and applied
bias (dark=high value, light=low value. The horizontal dashed lines correspond to the three cuts &atgpwn in(d). (f) Integrated
current-voltage characteristics. The solid line indicates complete numerical integratiok dVer dashed line is obtained from Tsu-Esaki
approximation and therefore corresponds to a verticalRef. 40 through(e) along thek=0 line.

shows the nodal structure of the central RTD resonance$iH, and SO bands fok=0 even for zero bias due to sym-
Three sets of nodes, HH1-5, LH1-4, and SO1 can be identimetry breaking and proper inclusion of the spin-orbit inter-
fied with the increasing number of lobes with increasing holeaction.
energy. Each of the resonances corresponds to a peak in the
transmission curvéFig. 1(b)]. The HH mass is significantly
larger than the LH mass resulting in a smaller energy sepa-
ration between the confined staf8sThe barriers are much
more opaque for HH than for LH resulting in much stronger The preceding section discussed the coupled multiband
confinement’ This stronger confinement reveals itself in a transmission coefficient for zero transverse momentum. The
significantly smaller resonance width. Indeed the NEMOcoupling of the bands resulted in nonunity transmission co-
resonance findét indicates that the LH ground state is over efficients and Fano resonances. Band anisotropy and band
three orders of magnitude wider than the HH ground state agoupling result®?® in a rather peculiar transverse energy
indicated in the caption of Fig. 1. dispersion. The transverse hole dispersion depends on the
Note that the transmission coefficient does not reach unitgletails of the resonant tunneling diode such as well and bar-
for several of the resonance states due to the coupling of thiger thicknesses. Figure(® shows the hole dispersion for
states even at zero bias. An independent single-band modéle hole RTD described above at zero bias. Various anti-
would provide unity transmission coefficients on crossings can be traced in tB¢k) diagram which serves as
resonancé® Furthermore, there are some transmission zerogore evidence of the interacting quantum states of the vari-
evident in the multiband ca¥?'° (labeledz in Fig. 1.  ous bands. Such strong interaction suggests that there will be
These features are all characteristics of the Fano line shagestrong dependence of the transmission coefficients on the
that occurs when a bound state is coupled to a contintfum. transverse momentufi:?® This strong dependence is dem-
In the case of hole transpoatl the resonances are of the onstrated for two different momentk=0 andk=0.039 in
Fano type. Transmission zeros occur for isolated Fano resd=igs. 2a) and Zc), respectively. The location of the reso-
nances. The zeros move off the real axis in conjugate pairsance energies in Fig(@ corresponds to the intersection of
for overlapped Fano resonanc@sThis explains the lack of the dispersion in Fig. (®) with the dashed vertical line &t
transmission zeros for the light-hole resonances. Note that0.039. The spin splittint) in the dispersion of Fig. @)
unlike thek-p modef! the sp3s* model couples the LH, results in double peaks of the transmission coefficient. Figure

V. TRANSVERSE MOMENTUM-DEPENDENT
TRANSMISSION COEFFICIENTS
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2(c) is not merely an energy-shifted version of the zero trans- T T N T ’ T ? (a)
verse momentum case; in fact it has little resemblance at all. %, 25 -
The assumption in the Tsu-Esaki formula derivation of
T(E,k)=T(E—#%2k?/2m* ,k=0) breaks down completely 0
for quantized hole states. s

The strong transverse momentum dependence in them-25F =
transmission coefficient shown in Fig(a®—2(c) will result i
in an interesting dependence of the current flow distribution = -50 1 1 1 .

0 --HH Emitter (P)

in momentum and energy as discussed in Sec. VI.

We have also examined the density of states and the struc-
ture of the eigenstates kt=0.039 corresponding to Fig(@
and found that the nodal symmetries that are visible in the
density of states shown in Fig(d) are completely broken.
We expect this break in the symmetry to have significant
effects on the strength of optical matrix elements and we
leave further discussion to a later publication.

-®-LH Emitter

Hole Energy (meV) Hole Energy (meV)
S

—_
o N
o

VI. CURRENT DENSITY J(k) AND CURRENT-VOLTAGE

CHARACTERISTIC 107

units)

Section V showed a rich structure in the transverse holea‘é 10“[
dispersion and transmission coefficients. In this section the:m—3

transmission coefficient(E,k) is converted into a current 4,
=10 0.0

densityJ(E,k_) [Eq. (2)] and integ_rated ovgr_ene@/_[Eq_. 00 0.01 000 003 0.04
(3)] to result in the spectral quantifi(k). This integration is Transverse Momentum k
performed at a temperature of 4.2 K in a bias range of 0-0.4 ) ,

FIG. 3. (a) Transverse dispersion of the HH1, LH1, and HH2

V and the resulting spectrum d{k, V) is plotted in Fig. 2e _ ) .
gsp (k,V) is p 9. 2¢) states computed at a bias of 0.1130/meV is the emitter valence-

n a logarithmic gr le. Sharpl fin treaks of curs
on a ‘oga c gray scaie Sharply defined streaks of cu Pand edge The gray region indicates the Fermi sea of holes in the

emitter. HH1 and HH2 states are out of the energy range for con-

streaks resemble the transverse subband dispersion if trc]i%ction.(b) Detailed plot of(a) in the energy range of fransport,

voltage axis is Cpnverted mtp an energy a(’“".“h a fact.or of LH17| stategRef. 39 are shown in dashed lines. The Fermi sea of

0.5, due to Fhe Ilngar poten_tlal drpprhe key Informat!on to the emitter is shown as the HH and LH emitter dispersigings

take from Fig. Ze) is to realize thaﬁ‘ the current dens@Yk) with symbolg are shown filled(light gray areasup to the Fermi

has maxima that aneotatk=0. This is shown explicitly by  energy. Dark gray shading shows the momentum and total energy

three cuts through the contour plot at constant voltages afpace over which holes in the emitter can find a matching transverse

0.048, 0.113, and 0.168 V in Fig(®. The current density iS  momentum state in the well to tunnel through) Current density

sharply peaked at a transverse momenksf® as shown by  J(k) on a linear and logarithmic scale. Current turn-on kat

the logarithmic scale. ~0.016 corresponds to LHItouching into the Fermi sea. Turn-off
Finally, Fig. 2f) shows two current voltage characteris- corresponds to crossing of LHiwith the HH emitter band ak

tics computed witft [solid line, Eq.(4)] and withoufdashed ~ ~0.0235. The linear scale shows that the current is indeed sharply

line, Eq.(5)] explicit integration over the transverse momen-spiked ink.

tum on a logarithmic scale. The full integration with the

transverse momentum shows a significantly enhanced cudiode therefore serves as a nonzero momentum filter. Such a

rent flow and current features that do not even show up in thélter might be useful for spin injection systems.

analytic transverse integration. The origin of these additional Figure 2 represents two of the central results of this paper:

channels in the current-voltage characteristic is depicted itl) The current density)(k) can be sharply spiked outside

the plots of the current density(k,V) of Eq. (3) in Figs. the zone centel atk+ 0 indicating that more holes traverse

2(d) and Ze). The sharp peaks &=+0 are completely ig- the structure at an angle than straight through, similar to an

nored in the analytical Tsu-Esaki integration that is basedndirect-band-gap material, an@) to capture this physics

solely on the current density &&= 0. In fact the dashed line one mustaccurately resolve band structure and perform an

in Fig. 2f) can be considered a vertical uthrough the  explicit numerical integratidt over the transverse momen-

contour of Fig. 2f) at a constant transverse momentdém tum.

=0.
Notg that the currg_nt path; that appear enhan_ced over the,, ORIGIN OF THE OFE-ZONE-CENTER CURRENT
analytical Tsu-Esaki integration appear over wide voltage FLOW IN J(K)

ranges. One can therefore conclude that the current is domi-

nated by off-zone-center flow in these wide voltage ranges. The previous section demonstrated numerically that there
This conclusion can be verified explicitly using a simple ana-is a significant off-zone-center current flow in hole resonant
lytical expression for the curref?. The resonant tunneling tunneling diodes for wide voltage ranges. The following
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three sections will provide some physical insight into three S 0 B== " Z©-HH Fmitter (2
(almos}) independent mechanisms that can generate this un- 2

intuitive phenomenon. In Sec. VII A we discuss nonmono-
tonic dispersion, in Sec. VII B we discuss lighter well than

emitter effective mass, and in Sec. VIIC we discuss reso-
nance linewidth enhancementlat0.

-
LH Emitter

W)
<)
TTTTTT

— -HH1} E

Hole Energy (m

A. Off-zone-center current flow due to nonmonotonic 10
dispersion

units)
—
o

The common understanding of resonant tunneling diode ~
transport for electrons is that the crossing of the bottom of ':D 107
the electron dispersion with the Fermi energy in the emitter < L
starts the current flow in the device. With the strongly non- = 19
monotonic behavior of the hole dispersisee, for example, . 2
the LH1 state in Fig. @) where the dispersion maximum 0:00 T 00% g0z 0:03

. . ransverse Momentum k
actually occurs ak=k,,,>0] one can imagine that the cur-
rent turn-on can be determined by the crossing of this maxi- FIG. 4. (8 HH1{| and LH1]| dispersions at a bias of 0.048V
mum of the valence band with the Fermi level. One can(dashed lines The Fermi sea of the emitter is shown as the HH and
therefore expect that most of the current flows in a cone with-H emitter dispersiongcircles filled (light gray areagup to the
the momentunk,,,,. Figure 3 verifies this physical argu- Fermi level. Crossings of HH1 and HH emitter dispersion with
ment. each other and the Fermi level will result in features)() in (b)

F|gure 3a) prov|des an OverV|eW Of the energy Scales ofaS indicated by vertical lines. LH emitter statesru pI’OVide any
the subbands that might be involved in hole transport at &arriers for injection into the quantum wefb) NumericalJ(k) on
bias of 0.113 V[compare to Fig. @)]. The emitter valence- a linear and logarithmic scale. Curr_ent pe_ak is ca_rrled l:_)y HH1
band edge is set to be the zero-energy origin. The emitte?late; as they pass through the emitter injection dispersion and the
hole states are occupied in a narrow-energy range below tHef™' s€2-
valence-band edge as indicated by the shaded area. The HH1
subband is pulled above the valence-band edge and canrieg showR® to be carried by the evanescent quantum state
conduct holes. The HH2 subband is too far below the Ferméleriving from LH1| (Lorentzian tail. The final current turn-
sea to conduct. Only the LH1 subband is within reach of theoff at k=~0.0275 of LHY is only visible on a logarithmic
shaded Fermi sea. scale(see dashed vertical linesNo carriers can be provided

Figure 3b) shows an expanded version ofaBin the to the Lorentzian tail of the LH{Lstate anymore beyond that
energy range of the Fermi sea of the emitter. FurthermoreQoint.
the Fermi sea of the emitter is shown in more detail as the Looking at Fig. 3 as a whole one can see how the non-
HH and LH emitter dispersions are shown fillagith gray =~ monotonic behavior of the hole dispersion can create cur-
areas up to the Fermi energy. It is important to note that thisrent features that are sharply spiked in the transverse mo-
is a 3D emitter of holes since we apply no potential drop inmentum dependence. The following two sections will de-
the emitter. There is therefore no 2D band quantization in th&cribe two other mechanisms that can generate similar spikes
emitter. in J(k).

The LH1] and | stated® are shown in dashed lines. At
this particular bias it is found that the LH1dispersion .
crosses the Fermi level in a momentum randge B. Off-zone-center curre_nt flow dug a lighter quantum well
€[0.016,0.033 However, the LH emitter can only provide than emiiter effective mass
holes in the range dé<[0,0.011 and the HH emitter in the The previous Sec. VII A showed that quantum state and
rangek € [0,0.0279. There can therefore be no injection of emitter dispersion crossingslat-0 can lead to current turn-

LH states into LH1 and all the carriers must be injected ons atk>0. Quantum well and emitter dispersion crossings
from the HH emitter states in a momentum rangekof can occur even for simple, almost parabolic, dispersions. In
€[0.016,0.027% The dark gray shade indicates the momen-particular, this can occur if the effective mass in the quantum
tum and energy domain out of which holes one could intu-well is significantly smaller than in the emitter as shown in
itively expect carriers to be injected into the central reso-ig. 4. Similar to Fig. 3 the shape of the current dendty)
nance states. is dominated by the crossings of the quantum well disper-

Figure 3c) shows a linear and logarithmic-scale plot of sions and the emitter dispersion with each other and the
the current densityl(k) at the bias of 0.113V. Indeed we Fermi level in the emitter.
find a sharp current turn-on &&=0.016. However, the first At a bias of 0.048V the main current contribution is due
strong turn-off (visible on a logarithmic and linear scale to tunneling through the HH1 states as indicated by the dis-
does not occur ak~0.0275 but occurs &t~0.0235. This persions in Fig. 4. The HH1 states have a lighter mass than
corresponds to the crossing of the LHdispersion with the the bulk HH states due to an admixture of LH components.
HH emitter dispersion. Beyond that crossing the current cafhat can cause a crossing of the dispersions as shown in Fig.

k) (ar
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o - 0 ) . : energy and momentum range. Only the four lowest energy hole
@ 10 \ | (b) 1 1.0 states are shown, including the sgiRef. 39. (b) Resonance line-

= B ' ! 7108 width of the states ifa). The HH1 states show a variation of the
:f 5 | E i 0 6— resonance linewidth of several orders of magnitude as a function of
'{3 10 ! _k’i v transverse momentum. The LH1 state shows a reduction of reso-
& § : scale . 0.4+ nance width by about an order of magnitude. The resonances inter-
2t linear ' . act very strongly at the anticrossinglat0.022.
=10 | 1 0.2

= scale ' 1 0.0

AIOAE : : : : : deed quite common for high performance InP-based reso-
% F— et T nant tunneling diodé8 where the well might contain InAs,
; _53 - ] while the emitter is typically Ip5:Ga, 47As with a larger
S10 L A S effective masé®** We have seen this effect of nonzone-
§ i = O:Fs\ = center current flow in direct-band-gap electron devices
o .6l §-4o;— \}x\g in such Iy 53Ga 47AS/AIAs/InAs high performance RTD
%10 e, égo;__:___,_; systems.

= / -120C ' ]

=P 0.0 0.03

v 10 [ (C) . L ; DopeyaMom k& C. Off-zone-center current flow due to resonance linewidth

P~

0.0 0.01 0.02 0.03 modulations

Transverse Momen k The preceding two sections VII A and VII B explained

FIG. 5. (a) HH2 dispersior{dashed linesand HH and LH emit- how crossings between emitter dispersion, quantum-well dis-
ter dispersior(circles at a bias of 0.168 V. The Fermi sea of the persion, and emitter Fermi level can lead to current flow that
emitter is shown as the HH and LH emitter dispersions are showiis dominant(sharply peakedoff the zone center in a narrow
filled (with light gray areasup to the Fermi level in the emitter. momentum space. This section will demonstrate how the
Crossings of the dispersions the Fermi level will resultum-off strong dependence of the resonance linewidth can induce
features ofJ(k) in (b) as indicated by vertical linegb) J(k) on a  similar off-zone-center current flow.
linear and logarithmic scale. The current turn-on is associated with The inset in Fig. &) shows the dispersion of the lowest
the strong modulation of the resonance width as a function of MOgight states at a bias of 0.168 V. The shaded area indicates
mentum shown in(c). The inset in(c) is an overview of the ine width of the Fermi sea in the emitter from which holes
quant'um-well dispersion at this bias. The gray shade indicates they, pe injected. Only the HH2 states are in the energy range
Fermi sea. that can provide significant conductance through the struc-
4 at a momentum dk~0.01. That crossing corresponds to a ture. Figure &) shows the HH2, HH emitter, and LH emitter
turn-on in J(k) in Fig. 4b). That current turn-on is pro- dispersions as well as the emitter Fermi level. Given this
nounced on a linear as well as a logarithmic scale. The curdispersion one can expect current flow through the HH2 state
rent turns off atkk~0.019 when the HH1 dispersion crossesby injection from either the LH or HH states in the emitter.
the Fermi sea. Current flow is expected to cease as a function of transverse

Note that the HH1 has a mass that is lighter than the HHnomentum as the quantum well and emitter dispersions are
emitter, yet it is still heavier than the LH emitter. The HH1 crossing the Fermi sea. Therefore, a monotonically decreas-
state and the LH emitter dispersion therefore do not crosdng current density could be expect®However, the reso-
Similar to the case at 0.113 V in Sec. VII A, we as€&nere  nance widthsl' of the HH2 states showFig. 5c)] an in-
again that the current flowing through the structure is domicrease by over two orders of magnitude in the transverse
nated by the HH emitter injection at bias of 0.048 V. momentum range of interest. This increasd’ineads to a

It can be shown analyticaff§f that the Lorentzian tails of dramatic increase in the current densl(k) as indicated in
the LH1 states are responsible for the background current dfig. 5b). The following Sec. VIII will examine the origin of
J(k) which finally turns off atk~0.0275. To understand this the strong resonance linewidth modulation as a function of
argument one must realize that the HH1 and LH1 states havigansverse momentum in a resonant tunneling structure in
dramatically different resonance linewidtfsee discussions more detail.
in Sec. VIII). Unlike the preceding two sections where the HH emitter

The phenomenon of crossing quantum well and emittestates can be identified as the only current carrying charge
dispersions is not limited to hole transport, but it is in- injectors one cannot make such an assessment in this case. It
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£ e 102 Al W Sy magnitude, while the resonance state energies are distorted
< 0.2 10° ,' 1 :r i Full Band20 only by a few meV.
~ 02+ _ (LN [ 7

4| 1 ! '
g o 107 E [T N B. Coupling between LH1 and HH2
= 0.1 IR e . .

5 Wel V) e The previous Sec. VIII A illustrated how the HH1 and
§ { W 10 -¢ ° 7 LH1 state interaction created a significant resonance line-
0~000- 0\213 04’ YT 10’8009 0'2 0'4 0\6 %’)8 width modulation at the anticrossing &t=0.022. Section

: Abplie d Bias (V) ‘ ’ Applie d Bias (V) : VII C argued with Fig. 5 that the strong resonance linewidth

modulation of HH2 is responsible for the off-zone current

FIG. 7. Current-voltage characteristisolid line) for an asym-  flow at a bias of 0.168 V. Here we try to explain this line-
metric hole RTD from Ref. 45 compared to our simulation resultswidth modulation.
with full numerical integration(dashed ling and with analytical In Fig. 1 the sequence of the lowest hole quantum states
(Tsu-Esaki integration(gray dotted ling scaled dowr(Ref. 47 by in the resonant tunneling diode was identified as HH1, LH1,
an arbitrary factor of 20.0dashed ling (a) Linear scale(b) Loga- and HH2 by the nodal symmetiil, 1, and 2 lobésin the
rithmic scale. The Tsu-Esaki approximation completely misses thelensity of stategFig. 1(a)] and the widths(narrow, wide,
third conduction peak similar to Fig.(2 and underestimates the narrow) of the transmission resonandésg. 1(b)].
first one severely. The deviation between the two simulated results Using Fig. 2b), however, one can argue that the third
indicates that most of the current flows off-zone center. state(labeled HH2 has actually the dispersion of a quantized

LH state for k>0 (large slopg& Using a few other

can be shown analyticafly that most of the current is in- diagram&® that quantize the anisotropic bulk HH band it can
jected from the LH emitter states at this bias. also be shown that the second state labeled here as LH1 has

Note that the turn-on id(k) appears smoother on a linear actually HH qualities fok>0. It is argued here that there is
scale compared to the previous cagese Figs. &) and  actually an anticrossing of LH1 and HH2 let=0. At k=0
4(b)]. This is due to the fact that the turn-on is generated bythe sequence appears to be HH1, LH1, HH2, while Kor
the smooth increase in the resonance linewldtand not by >0 the sequence appears as HH1, HH2, LH1. Correspond-
a crossing of the various dispersions with a sharply defineéhgly one can expect the resonance linewidth of the third

Fermi level at a temperature of 4.2 K. state to increase significantly with transverse momentum as
it changes its character from HH2 to LH1. That is exactly
VIIl. RESONANCE LINEWIDTH MODULATION what is shown in Fig. &).

A. Coupling of HH1 and LH1

Figure 6 sheds light on the interaction of heavy-hole and
light-hole states and their coupling to the leads as a function Hole resonant tunneling diodes have been investigated ex-
of transverse momentum. Figurébshows the subband dis- perimentally in some detaif. Negative differential resis-
persion previously shown in Fig.(2) in a smaller energy tance and effects due to charge accumulation in the central
and transverse momentum range. Only the four top moSRTD and emitter region have been observed in a variety of
states including the spifisare depicted. different structures.

Figure @b) shows the associated resonance linewfdths  Haydenet al. studied® the effect of charge accumulation
as a function of transverse momentum of the first four statesand intrinsic bistability in an asymmetric RTD. Their struc-
The two highest state€HH1) show the expectedsee the ture is describeff as “a 4.2-nm GaAs quantum well formed
caption of Fig. 1 narrow linewidths of about 10° eV at  between two AlAs tunnel barriers of thickness 4.5 and 5.7
zero transverse momentum. The next two states have resom. Undoped spacer layers of thickness 5.1 nm separate the
nance linewidths of about’$10 > eV which is indicative of  two tunnel barriers from Be-doped contact layers in which
the LH states. the doping is graded from 10" cm 2 to 2x 10 cm™3

Figure §a) shows an anticrossing at a transverse momenever a distance of 200 nm.” The mesa size is assufnied
tum of about 0.022. This anticrossing has a very dramatide 100um. Figure 7 shows the charge-empty forward-bias
impact on the heavy-hole coupling to the leads as indicatedirection current-voltage characteristic taken from Fig. 2 of
by the large increase of the resonance linewidth by abouRef. 45 in a solid line. Without the charge accumulation in
three orders of magnitude compared to the zero transverghe central RTD we can avoid computing the full Hartree
momentum result. Such a large increase in the resonanaharge self-consistently and use a semiclassical potential
linewidth for this particular channel can result in a significantprofile and obtain reasonabféresults.
current increase as discussed in Fig. 5 in Sec. VII C. This We entered the structure as described by Ha$tinto
strong resonance width modulation will only have an impactNEMO, chose an optical relaxation rate of 24 meV in the
if there is a significant number of carriers at the transverseontact regions,and used the same second-nearest-neighbor
momentum of 0.025. This is the case as the Fermi level osp3s* model as in the rest of this paper. In Fig. 7 two
the temperature is increagédn our RTD. It is emphasized simulation results(1) full numerical transverse momentum
here that the anticrossing has dramatic effects on the res@tegration and2) analytical transverse momentum integra-

IX. COMPARISON AGAINST EXPERIMENT
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tion, are compared to experimental data. The simulation re- Xl. SUMMARY
sults have to be scaled dofinby a factor of 20.0 to be
compared to the experimental data on a linear scale. This work demonstrates two key finding4) HH and LH

The main point of this section is not to achieve a perfectinteraction is shown to be strong enough to result in domi-
ﬁt47 but it is to hlghllght the need for a full numerical trans- nant current flow off thd” zone center, anCQ) proper mod-
verse momentum integration. Similar to the current-voltages|ing and explicit inclusion of the transverse momentum in

characteristic shown in Fig.(8 one can see here again that the cyrrent integration is needed. Three mechanisms that
the analytical Tsu-Esaki integration misses a current carryln%

- enerate off-zone-center current flow are showk): non-
channel(HH2) completely, and underestimates the channefy,qnstonic(electronlike hole dispersion(2) different quan-
HH1 significantly.

tum well and emitter effective masses, ai® momentum-
dependent quantum-well coupling strength. From a
comparison of a simulation to experimental data it is sug-
gested that the inclusion of full band structure as well as
The comparison in Fig. 7 shows that the simulation isincoherent scattering is needed to completely model current-
clearly deviating from the experimental results in the valleyvoltage characteristics in RTD’s.
currents. We attribute this to the lack of incoherent scattering
in the central RTD in our simulation. At this stage NEMO
can only simulate interface roughness, the polar optical pho- ACKNOWLEDGMENTS
non, the acoustic phonon, and alloy disorder scattering in a
single-band modét!! Such a single-band model is, how-  The work described in this publication was carried out at
ever, incapable of incorporating the HH, LH, and SO holethe Jet Propulsion Laboratory, California Institute of Tech-
band interactions which are the first-order effects that estabiology under a contract with the National Aeronautics and
lish the coherent channels through the central RTD. Space Administration. The supercomputer used in this inves-
For pure electron transport in RTD's it has beentigation was provided by funding from the NASA Offices of
showr?~'that at low-temperatures band-structure effects ar&€arth Science, Aeronautics, and Space Science. Part of the
negligible and scattering processes due to optical phonorresearch reported here was performed using HP SPP-2000
and interface roughness are dominant. As an overall conclwperated by the Center for Advanced Computing Research at
sion to the comparison to experimental data we submit tha€altech; access to this facility was provided by Caltech. G.K.
at low temperatures the combined inclusion of incoherentind R.C.B. would like to acknowledge the careful review of
scattering and the full band structure with full numericalan early manuscript and valuable comments by Marc Cahay.
transverse momentum integration is essential to completel(.K. acknowledges the careful review of the final manuscript

X. A NEED FOR MULTIBAND-BASIS SIMULATIONS
INCLUDING SCATTERING

model the current flow through a hole RTD. by Fabiano Oyafuso.
*Email address: gekco@jpl.nasa.g 11G. Klimeck, R. Lake, and D. K. Blanks, Phys. Rev.5B, 7279
1See http://hpc.jpl.nasa.gov/PEP/gekco/nemo or search for NEMO (1998.

on http://www.raytheon.com. 12E E. Mendez, W. I. Wang, B. Ricco, and L. Esaki, Appl. Phys.

2R. Lake, G. Klimeck, R. C. Bowen, and D. Jovanovic, J. Appl.  [ett. 47, 415(1985.

Phys.81, 7845(1997). 18R, K. Hayden, D. K. Maude, L. Eaves, E. C. Valadares, M. He-

3 i i
RéhLakeé G. Kllsmﬁgké%-fsogfgég- Jovanovic, and D. Blanks,  hini £\, Sheard, O. H. Hughes, J. C. Portal, and L. Cury,
ys. Status Solidi 204, 354 (1997. Phys. Rev. Lett66, 1749(1991).

4T. B. Boykin, L. J. Gamble, G. Klimeck, and R. C. Bowen, Phys. 14

Rev. B59, 7301(1999. . A. Kash, M. Zachau, M. A. Tischler, and U. Ekenberg, Phys.
5G. Klimeck, R. Lake, R. C. Bowen, W. R. Frensley, and T. Rev. Lett.69, 2260(1992. ]
Moise, Appl. Phys. Lett67, 2539 (1995. Bw.-C. Tan, J. C. Inkson, and G. P. Srivastava, Phys. Re¥4,B

®R. Lake, G. Klimeck, R. C. Bowen, C. Fernando, D. Jovanovic, 14 623(1996.
D. Blanks, T. S. Moise, Y. C. Kao, M. Leng, and W. R. Frens- *°J. M. Luttinger and W. Kohn, Phys. Re97, 869 (1955.
ley, in the 1996 54th Annual Device Research Conference Di-}’M. Burt, Semicond. Sci. Technog, 739 (1988.

gest(IEEE, NJ, 1998, p. 174. 188, Foreman, Phys. Rev. LeB1, 425(1998.

’G. Klimeck, T. B. Boykin, R. C. Bowen, R. Lake, D. Blanks, T. '°S. Ekbote, M. Cahay, and K. Roenker, Phys. Re\6816 315
S. Moise, Y. C. Kao, and W. R. Frensley, in ti®97 55th (1998.
Annual Device Research Conference DigéEEE, NJ, 1997, 203, Ekbote, M. Cahay, and K. Roenker, J. Appl. PH88. 1467
p. 92. (2000.

8R. C. Bowen, G. Klimeck, R. K. Lake, W. R. Frensley, and T. ?!C. Y.-P. Chao and S. L. Chuang, Phys. Rev4® 7027 (1991).
Moise, J. Appl. Phys81, 3207(1997. 22y, X. Liu, R. R. Marquardt, D. Z.-Y. Ting, and T. C. McGill,

9R. Lake, G. Klimeck, R. C. Bowen, C. Fernando, M. Leng, T. Phys. Rev. B55, 7073(199)).

Moise, and Y. C. Kao, Superlattices Microstrug®, 279(1996. 233, X. Zhu, Z. D. Wang, and C. D. Gong, Solid State Commun.
0R. Lake, G. Klimeck, and D. K. Blanks, Semicond. Sci. Technol. 101, 257 (1997).

13, A163(1998. %M. S. Kiledjian, J. N. Schulman, K. L. Wang, and K. V. Rous-

195310-8



OFF-ZONE-CENTER OR INDIRECT BAND-GAP-LIKE HOE . . . PHYSICAL REVIEW B 63 195310
seau, Phys. Rev. B6, 16 012(1992. drop. Charge self-consistent simulations of the Hartree and ex-
25M. S. Kiledjian, J. N. Schulman, K. L. Wang, and K. V. Rous- change and correlation potential are presented in Refs. 5, 7, and
seau, Surf. Sci267, 405(1992. 8.
G. Klimeck, R. C. Bowen, T. B. Boykin, C. Salazar-Lazaro, T. A. 36|y an infinite barrier square well of widththe energy separation
Cwik, and A. Stoica, Superlattices Microstru2#, 77 (2000. is AE, . 1=E .1~ E ofi2m?/2malec 1/m.
7G. Klimeck, R. C. Bowen, T. B. Boykin, and T. A. Cwik, Super- $7For g single square barrier of thicknesghe exponentiat™*¢
2 lattices Microstruct27, 519 (2000. _ _ decay constant is defined as= \2mAE/#2x \m.
Gerhard Klimeck, R. Chris Bowen, and Timothy B. Boykin, Su- 38y. Fano, Phys. Re124, 1866(1961).
perlattices Microstruct29, 187 (2001.
29R. C. Bowen, W. R. Frensley, G. Klimeck, and R. K. Lake, Phys.
Rev. B52, 2754(1995.
30For the simulations presented in this work parallelization was
utilized in the integration over the independent momekita
Typically 150 points were used for the momentum resolution,
while the energy grid resolution may vary adaptively from a few

hundred nodes to several thousand nodes depending on the nu%J(k=0) scales directly with the total current i the Tsu-Esaki

ber of resonances in the energy range of interest. The load on 16 > ) >
or 32 CPU’s was balanced in a master-slave approach due to the formula is employedEq. (5)] except for a scaling factor includ-

variability in the execution time of each energy integration. The _ ing the 2D density of states,p .
simulations were run on a 32 CPU Beowulf system based c,ﬁ‘lWe find good numerical stability in these hole RTD’s when about
450-MHz Pentium IIl, on a SGI Origin 2000, and HP SPP-2000. 150 k points are resolving a unifornk grid in the range of
The final runs that resolve several hundred bias points took 0-0.05. This number ok points could possibly reduce if an
about a week to run on our dedicated Beowulf system. The adaptivek grid were to be introduced.
Tsu-Esaki formuldEq. (5)] is so tempting to be used since it *?T. S. Moise, Y.-C. Kao, A. J. Katz, T. P. E. Broekaert, and F. G.
reduces the required CPU time in this case by a factor of 150. A  Celii, J. Appl. Phys78, 6305(1995.
more fine-grain parallel integration over enerByor a more  “T. B. Boykin, Phys. Rev. B51, 4289(1995.
coarse-grain parallelism over bias points can be used in NEMJ*J. N. Schulman, Appl. Phys. Leff2, 2829(1998.
for such a computation where there is no explicit integration®®R. K. Hayden, L. Eaves, M. Henini, D. K. Maude, and J. C.
over momentunk. Portal, Phys. Rev. B9, 10 745(1994).

31In this work we assume cylindrical symmetry and use the trans#®R. K. Hayden(private communication The mesa sizes used in
verse momentum in thigl00] direction. the experiment have diameter of 100n.

382G, Klimeck, R. Lake, R. C. Bowen, C. L. Fernando, and W. R. *’While a deviation by a factor of 20 might sound large we point
Frensley Resolution of Resonances in a General Purpose Quan- out here that such a deviation is not completely unexpected. We

39The asymmetry of the applied bias has split the two spin states.
Note that there is no magnetic-field selection in these simula-
tions. The spin-degenerate stateskatO are split due to the
translational symmetry breaking &t>0. We use the notation
1,1 as a shorthand to identify the two states. Since there is no
selecting magnetic field we assume that, for example, LH1

_consists of a linear combination of up and down spins.

tum Device SimulatofNEMO) (Gordon and Breach, New York,
1998, Vol. 6, p. 107.

33R. Tsu and L. Esaki, Appl. Phys. Le®2, 562 (1973.

34The Tsu-Esaki can provide qualitatively correct results for elec-

tron devices given the restrictive assumption that subband align-

ment isnot the primary transport mechanis(Refs. 48—50,8
Technologically relevant RTD’s that show negative differential

resistance at room temperature all exhibit a triangular emitter
well such that there is a large 2D to 2D subband tunneling con-

have verified with NEMO that variations of 2—3 monolayers in
the barrier thickness and variations in the doping profile detail
can result can result in such current density variations of factors
of 20. We feel that such deviations can only be eliminated in a
controlled test matriXRef. 7) of experimental structures where
experimental trends can be analyzed in more detail. Such a con-
trolled comparison between experiment and theory or arbitrary
adjustments to parameters until a perfect fit is achieved are not
the point of this presentation.

tribution from emitter to central resonance. To achieve quantita#®T. B. Boykin, R. E. Carnahan, and R. J. Higgins, Phys. Re¥8B

tive agreementRefs. 7 and Bbetween simulation and experi-
mental data for such RTD’s full 2D integrations in enefggand
transverse momentuknaccording to Eq(2) must be performed.

14 232(1993.

49T B. Boykin, R. E. Carnahan, and K. P. Martin, Phys. Re\61B

2273(1995.

35There is no implicit limitation in NEMO to a linear potential °T. B. Boykin, J. Appl. Phys78, 6818(1995.

195310-9



