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Quantitative simulation of a resonant tunneling diode
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Quantitative simulation of an InGaAs/InAlAs resonant tunneling diode is obtained by relaxing three
of the most widely employed assumptions in the simulation of quantum devices. These are the
single band effective mass modg@arabolic bands Thomas-Fermi charge screening, and the
Esaki-Tsu 1D integral approximation for current density. The breakdown of each of these
assumptions is examined by comparing to the full quantum mechanical calculations of
self-consistent quantum charge in a multiband basis explicitly including the transverse momentum.
© 1997 American Institute of Physid$0021-89787)08503-4

I. INTRODUCTION from the notch state we employ generalized boundary con-
ditions which allow us to inject from both continuum and

. ; : i quasi-bound states in the contatté An optical potential of
simulation of resonant tunneling diodes are the use of g meV is used in the leads to model the broadening of
effective-mass ,b‘%”d structure qub1§, Thomas-Fermi  gnitter quasi-bound states by scattering. The effect of inco-
charge screeninty? and the Esaki-Tsu current density poren scattering in the device is not included explicitly in

1,5-7 H . .
formula.>"" These assumptions greatly reduce the computage simulations presented here. Generally, the loss of phase

tional effort required to obtain a result. However, these asgonerence induced by inelastic scattering acts to reduce the

sumptions also significantly restrict the number of structureé$ye s current and increase the valley current. In the high cur-
which can be simulated quantitatively. Previous work hasent gensity, room temperature RTDs that we have examined
shown significant differences between simulations which inyye paye found that broadening of emitter quasi-bound states
voke ~ effective-mass and ~ multiband  bandstructuréynq pang structure effects account for most of the valley

4,58-117 ; H H H
models’ Likewise, it has been shown that the Esaki- o\ rrent. The effects of inelastic scattering are significant for
Tsu current density formula leads to unphysical IV featuresg,, current density and/or low temperature RT1s.
in many resonant tunneling diodéRTDs).!>~*° The impor-

tance of quantum charge self-consistency has been examined
in numerous article!® However, simulations which relax !l SINGLE BAND VERSUS MULTIBAND MODELS

all of these assumptions have not yet been presented and gjulated and experimental IV curves for the InGaAs/
experimentally verified. In this work we examine the short-|,A|as RTD are shown in Fig. 4. The simulations differ only
comings of these assumptions systematically. When all of, the pand structure model used. The dot-dashed curve em-
these assumptions are relaxed we arrive at a quantitativoys the single band effective mass model while the dashed
agreement with experiment. , _ curve uses the ten band nearest neighbods* model®

We fabricated, measured and simulated the latticq¢active masses, band offsets, as3s* parameters are
matched InGaAs/InAlAs st_ruct_ure iIIusztrated in Fig. 1. The provided in Table I. The single band model predicts a peak
area of the measured device is 1f". A measured ex- ¢\ rrent that is a factor of 3 lower than experiment. Also, the
trinsic resistance of 10.Q has been mc_luded in aII_S|mu- second turn-on is predicted to occur at a much higher applied
lated IV curves. The calculated zero bias conduction banghiyg than experiment. Both of these inaccuracies are due to

edge and density of states for this structure are shown in Figne tact that the single band effective-mass model does not
2. Though this device appears rather ordinary we shall Sho%corporate real and imaginary band non-parabolicity.

that quantitative agreement requires multiband bandstructure 1o delayed second turn-on predicted by the single band

models, Hartree charge screening, and numerical integratiqiqe| is due to the assumption that real bands are parabolic.

over the transverse momentum in the current density calcUy, Fig. 5 the conduction bands and corresponding resonance

lation. _ _ energies for a typical RTD are illustrated. Resonances occur
The conduction peak of this RTD occurs when a local-yhen the electron wavelength is a half integer multiple of the

ized state in the emitter notch region is aligned with the well o width (Fig. 5). The resonance locations are given by the

:ste_lte. The de_nsit_y of states in the RTD for this bias _C‘_)”di_tiorbnergies corresponding to these wavelengths on the energy
is illustrated in Fig. 3. In order to simulate electron injection dispersion relationship. Band non-parabolicity reduces the
dispersion for a given value &f. Therefore, the single band
dElectronic mail: chowen@spdc.ti.com model, which is roughly parabolic, significantly overpredicts

Three of the most widely invoked assumptions in the
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20 nm InGaAs Ny = 5x 10 FIG. 3. Calculated conduction band edge and density of states for the
InGaAs/InAlAs RTD for an applied bias of 0.3 V. A localized state residing
in the emitter notch is aligned with the ground well resonance. The peak

current of this RTD occurs when these states are strongly coupled.

FIG. 1. Lattice-matched InGaAs/InAlAs RTD stack grown on InP substrate.
. . opaque to quantum tunneling than reality. Resonance widths

the excited state.resonance energy. Numerically Calc,ljlateﬁfedicted by the single band model will be smaller than re-

resonance ene0rg|es for the InGaA§/InAIAs RTD are IIIus'ality resulting in lower predicted tunneling currents.

trated in Fig. 6° The energy of the single band excited state The ground state resonance widths in the InGaAs/

resonance is over predicted by 106 meV. This explains th'?nAIAs RTD predicted by the single and ten band models are

1 and 67.9ueV, respectively. In Fig. 8 the transmission

over prediction of the second turn-on voltage when using the15
coefficients corresponding to the ground state resonance are

single band model.

_In the single _ba_n(_j model imaginary bands are al_so Ioar6}:’)Iotted for the single band and ten band models. We see that
bolic (a_lpproa_ch infinity asE— —2). Hc_)wever, 'maginary - ihe integral of the transmission coefficient for the single band
pands n sgmlconductors Cof‘”eCt a pair of real bands rende 1odel is significantly less than for the ten band model. This
ing them highly non-parabohc._ln Fig. 7. we show the Com'explains the difference in peak current predicted by the
plex band structure of a typical semiconductor for bothSingle and ten band models.
single and ten band models. Note that the imaginary band in
the full band model wraps back to thiepoint (k=0) at the
valence band edge. This is precisely what occurs in semicodll- THOMAS-FERMI VERSUS HARTREE SCREENING

ductors. If one considers tunneling through a barrier at mid- | thjs section we shall relax the assumption of Thomas-

gap, it is apparent that the single band model will predict arkermi (local) charge screening. In much of the theoretical

imaginary value ok which is larger than the prediction of \ork on RTDs, the electron charge in the well region is

the full band model. The imaginary valuelotorresponds 10 assumed to be zero and Thomas-Fermi screening is assumed
the exponential decay constant in the barrier. The effect i, the emitter and collector regiofiS.We should remark that

that the single band model predicts the barrier to be more

24 | i - ' ! ]
0.8 ! Experiment / ]
2.0 }| —-—-- Single Band / .
_ - oo Ten Band /
S 0.6 | [ ; ]
@ E L6 I 4 / /'r.
= " A H / ]
b$-¢>6 O 4 5 12 ,II : ,’, I/,
2 S 08 | /
U . B ! ; :/ 7
M 0.2 -,
04 /,’ A \ / / 1
0.0 .l.|C.|.|.|.|.|.|.|.|.|.|.|. 0.0 'L’-."’.’ .\'\\:"‘_f/.-a-—”./ .
0 40 80 120 160 0.0 0.2 0.4 0.6 0.8 1.0
Applied Bias (Volts)

Distance (nm)
FIG. 2. Calculated conduction band edge and density of states for th€lG. 4. Comparison between simulated and measured InGaAs/InAlAs RTD
InGaAs/InAlAs RTD at zero bias. The density of states is represented iV curves. Solid line is experiment, dot-dashed line is a single band simu-
gray scale. Darker gray scale represents larger state density. lation, and the dashed line incorporates &p8s* band structure model.
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TABLE |. Band structure model parameters. All paramet@sceptm*)

are in units of eV. 1O . i ' ' ]
0.9 F| ====-- Single Band 4

Parameter InGaAs InAlAs 08 [ Ten Band ]
my: 0.0421 0.0770 -y R i
EL 0.771 1.491 5 0.7 mEn
Ef 0.000 0.504 > 06T 1
E(sa) ~9.53777 ~8.87382 o0 g [ ]
E(pa) 0.98520 0.72863 o ;
E(s*a) 7.95520 7.22917 m 04 1
E(s©) —2.60209 —2.01908 03 } 4
E(pc) 3.64021 3.43956 ] !
E(s*c) 6.72130 6.51716 VP2 S—— .
V(sa,s0) —5.89687 —5.78201 0.1 L . ]
V(sa,pc) 3.80836 4.26641 40 60 80 100 120
V(s*a,pc) 4.06793 3.78029 .
V(pa,sa) 6.50162 6.74933 Distance (nm)
V(pa,s*c) 5.31514 6.01704
V(x,x) 1.89376 1.85814 FIG. 6. Numerically calculated resonance energies for the InGaAs/InAlAs
V(X,y) 4.61063 467184

RTD using single and ten band models. No voltage is applied. The single
band resonances ai&,=319 meV andE,;=685 meV and the ten band
resonances arB,=314 meV andE,=579 meV. The single band model
significantly over predicts the excited state resonance energy. This accounts

these assumptions have proven to be good for many RTDsr the higher second turn-on voltage predicted by the single band model.
However, in order to obtain quantitative agreement with ex-
periment the effects of quantization in the emitter notch and

charge in the well must be taken into account. In Fig. 9 weFig. 10 reveal that the peak current using Hartree potentials
compare the curves obtained using Thomas-Fermi and Hashould occur at a larger applied bias. Indeed, this effect is
tree self-consistent potentials. When compared with the exmanifested in the IV curve of Fig. 9.
perimental curve, the Hartree calculation exhibits several im-  In Fig. 11 the conduction band profiles and resonance
provements over the Thomas-Fermi calculation. Both theenergies for Hartree and Thomas-Fermi simulations at 0.7 V
shape of the initial turn-on and the second turn-on voltagere shown. In this case the energy of the Hartree band profile
are closer to the experimental result. The existence of th&s lower than that of the Thomas-Fermi profile in both the
anomalous spike in both simulations is a consequence of themitter notch and well regions. The reason for this is that
1D integral approximation used to calculate current. Thisthere is very little charge in the well. There is no source for
assumption is relaxed in the following section. electrons to fill the ground well resonance and the excited
In Fig. 10 the conduction band profiles and resonancavell resonance is above the emitter Fermi level. This fact,
energies for both the Hartree and Thomas-Fermi potentialalong with quantization in the emitter notch, explains the
are illustrated for an applied bias of 0.27 V. In the emitterlower energy profile for the Hartree simulation. The second
notch the energy of the Hartree band profile is lower tharturn-on of this device occurs via conduction through the ex-
that of the Thomas-Fermi profile. This is due to state quaneited well resonance. The Hartree calculation predicts a
tization (i.e., lower density of statesn the emitter notch. In
the well the energy of the Hartree band profile is larger than
that of the Thomas-Fermi profile. This is due to electron
charge residing in the ground state well resonance. The peak

E 05 —

current of this device occurs when the emitter notch state isq _,,. . /
aligned with well state. Inspection of the resonance levels in oo f Im(k) = Re(k)
> v/
Q o5t 4 J
| . E = /s c
R SR T ¥ ' g tor 4 Fv i
07 7/
— L o ||== = SimgleBana 4 ' , Iy | ' i S T st ? ? /
i Full Band 1], ] v \ Single Band = I Single E
S 05 Lo ] gle barn Band Fuh Band
20 L ) 1 "
—— k 21t L 04 L 4 b 015 010 005 O 005 010 015
V= 5\9 03 | . g L
é o2l ko 5/ i Full Band Wave vector (27)
n P ull Ban
e k A 01 -
Ec - 0 L 0 ) )

0 002 004 006 008 01
Wave vector (%‘) F_IG. 7. (Right) Complex band structure <_)f a typical I1I-V semiconductor for

single band and full band models. Imaginary wave vectors are plotted on the
left, real wave vectors are plotted on the right. The magnitude of the imagi-
FIG. 5. (Right) Band structure of a typical 1lI-V semiconductor predicted by nary wave vector corresponds to the wave function decay constasft)
single and full band model$Left) Approximate resonant energies predicted lllustration of barrier wave functions computed using single band and full
by these band structure models in a typical RTD structure. The nonband modelgthe barrier material corresponds to the complex band struc-
parabolicity of the conduction band acts to significantly reduce the excitedure). The non-parabolicity of the imaginary band predicted by the full band
state resonance energy level. model results in a larger tunneling amplitude.
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FIG. 8. Transmission coefficients vs energy for the ground state resonanddG- 10- Conduction band profiles and resonance energies for Thomas-
using single and ten band models. The energy axis is normalized to thEermi and Hartree self-consistent potentials at an applied bias of 0.27 V.

resonant energy. The resonance widths calculated by the single and ten band
models are 15.1 and 67.2eV, respectively. This accounts for the low peak
current density predicted by the single band model. density formula to a one-dimensional integfahssuming
axial symmetry about the direction of transport, the current
density is expressed as follows:

lower energy for this state and therefore a lower second
turn-on voltage as illustrated in Fig. 9. The discontinuity in
the Hartree IV curve at 0.44 V is due to the discharging of
the ground well state. Since we do not include inelastic scat- 1)
tering in this simulation, this transition occurs rather

abruptly. We should remark that the similar transition in theWherefg andfc are the Fermi-Dirac functions in the emitter
measurement is probably due to a power supply oscillation ind collector,T(E,k,V) is the transmission coefficiert, is
the negative differential resistan¢dDR) region. The simi- total energy, and is the transverse momentum. Esaki and

larity between theory and experiment in the appearance ofSU assume that the transverse momentum and energy vari-
this feature is only coincidental. ables are separable and invoke a parabolic transverse disper-

sion relationship.

_ 2
J(V)—mjf[fE(E,V)

—fo(E,V)]T(E,k,V)dEdk,

IV. ESAKI-TSU FORMULA VERSUS NUMERICAL T(EKV)=T(E-E,0V), @
TRANSVERSE INTEGRATION #2K2
In the pioneering work of Esaki and Tsu, a separation of Et:ngmitte,' @
variables approximation was invoked to reduce the c:urren.ﬁ_he current density may then be expressed in terms of a
one-dimensional integral ov&=E—E,,’
3.2 T v T i
Experiment h
2.8 f —-—-- Thomas-Fermi /] 0.3 ' ' ' LY
24 -0 Hartree /4 A
< [ \ /" '/'- 02t \ 7]
é 20 h A )
- X iy o
5 1.6 I ,",",5 / /./ ] E 0.1 T
N Yo KAV
5 12 f , A ‘. £ 2
08 /”’ h \ ,,1/' E g 00 N
04 | '/ Vo ,,:','/ i = Hartree
. 72 ' R .
0.0 227 Seteet -0.1 | ===--- Thomas-Fermi 1
0.0 0.1 02 03 04 05 0.6 0.7 0.8 02 . ' . ,
Applied Bias (Volts) 40 50 60 70 80 90

Distance (nm
FIG. 9. Comparison between simulated and measured InGaAs/InAlAs RTD § ( )

IV curves. Solid line is experiment and the dot-dashed line ispBs*
simulation using Thomas-Fermi self-consistent potentials. The dashed linEIG. 11. Conduction band profiles and resonance energies for Thomas-
incorporatessp3s* and Hartree self-consistent potentials. Fermi and Hartree self-consistent potentials at an applied bias of 0.7 V.
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This is perhaps the most widely invoked assumption in the
simulation of RTDs. However, the implementation of this
assumption can often lead to unphysical restits® Specifi-

cally, in any device in which multiple subbands are coupled _ N
FIG. 13. Emitter notch and well subbands for an applied bias of 0.25 V.

an unphysmal_ spike Can occur In the_ IV curve. Such a SPIk®rop) Spatial location of subbands k&=0. (Bottom) Subband energy vs
is readily noticeable in all of the simulated curves in thetransverse momentum in units ofr2a. The curvature of the emitter sub-

preceding sections. In Fig. 12 we compare simulations usingand is larger than the well subband. Therefore the subbands are strongly
Eqgs.(1) and(4) with experiment. We see that when the sepa-coupled at non-zero transverse momentum.
ration of variables assumption is relaxed this unphysical
spike vanishes. It is also apparent that the second turn-on of
the device is simulated correctly and quantitative agreemeriersion relationships. If realistic, non-parabolic band struc-
with experiment is achieved. The peak current is slightlyture models are used, the transverse dispersion of different
over predicted while the valley current is slightly under pre-subbands can be significantly different. The transverse dis-
dicted. This is consistent with the fact that this simulationpersion of a subband is related to the endrgigh respect to
does not explicitly include scattering. the band edgeof that subband. Because of non-parabolicity,
We shall now discuss the breakdown of the Esaki-Tsthigher energy subbands will possess a smaller transverse cur-
formula for RTD simulation. When the separation of vari- vature. The transverse dispersion is therefore dependent on
ables assumption is invoked, we implicitly assume that thehe nature of the confining potential.
transverse dispersion relationship of all the band edges In the case of the InGaAs/InAlAs RTD, the peak current
subbands are identical. In heterostructures, this is clearly naiccurs when a subband in the emitter notch is aligned with
the case since different materials possess different dispersidhe well subbandsee Fig. 3. The energywith respect to the
relationships. However, if one considers the effect of thisband edgg of the emitter notch subband is significantly
approximation on only the band edges, it really is not all thatsmaller than the well subband. Therefore the curvature of the
bad. In a standard RTD structure two materials are presengmitter notch subband should be larger than that of the well
one for the well and another for the barrier. In the transverssubband. In Figs. 13 and 14 these subbands are illustrated for
direction, the band edges of both of these materials move uapplied biases of 0.25 and 0.30 V, respectively. The sub-
approximately quadratically as a functionkafThe only dif- bands are calculated using an efficient resonance finding
ference is the quadratic prefactor which is proportional toalgorithm?® In these figures it is clear that the emitter sub-
1/m*. The net result is that the barrier height of the RTD band possesses a larger curvature. The result of this is that
changes slightly as a function &f the emitter notch and well subband alignment occurs over a
The breakdown of the separation of variables approxitange of biases and transverse momerttim.
mation occurs due to differences in subband transverse dis- When the Esaki-Tsu formula is invoked, the curvatures
3211
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. i ) FIG. 16. Emitter notch and well subbands for an applied bias of 0.70 V.
FIG. 14. Emitter notch and well subbands for an applied bias of 0.30 V.Top: Spatial location of subbandslet0. Bottom: Subband energy vs trans-
(Top) Spatial location of subbands &t=0. (Bottom) Subband energy vs  yerse momentum in units of®a. The curvature of the emitter subbands

transverse momentum in units ofi2a. The curvature of the emitter sub- are |arger than the well subbands. Therefore the subbands are strongly
band is larger than the well subband. Therefore the subbands are strongdsypled at non-zero transverse momentum.

coupled at non-zero transverse momentum.

of these subbands are assumed to be identical. Thus, the

subband lineup occurs for all transverse momentum simulta-
Subband Alignment neously at one bias. This is graphically illustrated in Fig. 15.

The result is the anomalous enhancement in Fig. 12 of the

Identical Transverse Different Transverse current at the biag0.38 ) in which this alignment occurs.
Dispersion Relationships Dispersion Relationships Numerical intearati the t ¢ .
gration over the transverse momentum is
also necessary to quantitatively simulate the second turn-on
of the InGaAs/InAlAs RTD. In this structure the second
turn-on occurs when the excited notch subband couples with
the excited well subband. The interaction between these sub-
E bands for an applied bias of 0.7 V is illustrated in Fig. 16.
I We see here that these subbands are much more strongly
coupled for non-zero transverse momentum. The Esaki-Tsu
Alignment of all kK Alignment of k formula only comprehends the strength of the subband cou-
k values occurs values is pling atk=0. Thus, the second turn-on voltage predicted by
simultaneously "distributed” the Esaki-Tsu formula is over predicted.

FIG. 15. lllustration of the alignment of two subbands possessing identical

(left) and different(right) dispersion relationships. In the case of identical \/. CONCLUSIONS

dispersions, the alignment of the two subbands occurs simultaneously for all

momenta at one bias. In the case of different dispersions, the alignmentis  \WWe have demonstrated quantitative simulation of an

distributed over different values &f and biases. The one-dimensional inte- InGaAs/InAlAs RTD. This was achieved by relaxing three of
gral approximation assumes that all subbands possess identical dispersi )

ion ; ) . . ) :
relationships. This results in current density spikes for structures in which the most W|d_e|y ap_phed assumptions in the 5|mU|at_|0n of
subband alignment takes place. guantum devices: single band models, Thomas-Fermi charge
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