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Monte Carlo study of dc and ac vertical electron transport in a single-barrier heterostructure
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Steady-state dc and large-signal ac vertical electron transport in a single barrier
INg 548Gy 4AS/AIAS/INg 5Ga 47AS Structure is investigated by ensemble Monte Carlo simulations self-
consistently coupled with the Poisson equation. The comparison of the calculated steady-state current-voltage
characteristic with the experimental data indicates the strong influeniceXef” resonant tunneling on the dc
current-voltage characteristic of the,BiGa, 4AS/AIAS/INg 54G& 47/AS structure. The Monte Carlo technique is
applied for an evaluation of the capacitance-voltage characteristic of this structure. The calculated capacitance-
voltage characteristic is compared with the corresponding experimental results. Frequency-dependent harmonic
amplitudes are also evaluated from the calculated large-signal ac response.
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. INTRODUCTION INg 5:5Gay 4AS/AIAS/ING 54Ga, 47AS structure was chosen for a
comparison of the present Monte Carlo simulations with the
The vertical transport of charge carriers in semiconductoexperimental results set out in Ref. 14.
heterostructures has attracted much interest over the past The simulated structure corresponds to that experimen-
years'® Investigations of vertical transport in heterostruc- tally studied* It consists of five layers(1) Inys{Gay 47AS
tures is of great importance for understanding the physical300 nm,Ny=1.2x 10 cm™3); (2) undoped 1§ sGa, 4,AS
processes occurring in various advanced semiconduct@s nm); (3) AlAs (5 nm); (4) a repeat of2); and finally, (5)
structures. The most appropriate method for a theoretical repeat of(1). The heavily doped contact layers of the ex-
study of nonequilibrium carrier transport in semiconductorperimentally investigated structdfeare replaced in the
structures is the ensemble Monte Carlo method. Since theimulations by thermally injecting contacts with the corre-
pioneering work of Lebwohl and PriCeensemble Monte sponding electron density 2210 cm 3. It is assumed
Carlo simulations, self-consistently coupled with the Poissonhat the electrons are in thermal equilibrium with the lattice
equation, have been widely used for the calculation of then the contacts. The electrons are injected from both contacts
current-voltage (-V) characteristic of various semiconduc- with the equilibrium Maxwellian distribution. The probabil-
tor structures and devices. In this study, steady-state dc ang) distribution of the random wave vector components, nor-
large-signal ac vertical electron transport in a single-barriefnal to the contact surfade, and the parallel componenks
heterostructure is investigated using the Monte Carlqandky of the injected electron, is given by
method.
Parallel with the |-V characteristic, the capacitance- _ _

voltage (C-V) relationship is the fundamental characteristic Pllcky ko) =Ava(k)xexd —E(k)/2ksT], - k>0, 1)
of any structure. The capacitance is often estimated from a
change of the space chardeQ in a certain region of the \yhereA s the normalizing constant, is the normal to the
structure, such change being induced by a change of thgyntact surface velocity componejs the electron kinetic
corresponding bias voltageV. Such a method for the evalu- energy kg is the Boltzmann constant, arfilis the lattice
ation of theC-V characteristic is complicated, however, andiemperature. Electron injection is taken into account both

care must be used to define the domain over which thgom the cathode and the anode. The average rate of electron
change of the space charge is specified. In this study, a d'refﬂjection from the contact is expressed as

Monte Carlo method is applied for a calculation of tBev
dN [ kgT
= —_—= +
r dt Sn 2am’ @

characteristic of a single-barrier heterostructure.

Single-barrier heterostructures are devices used for the efvhereS is the cross-section area of the structurg, is the
ficient frequency multiplication of microwave radiation into electron concentration in the contact, amds the electron
the submillimeter frequency rand®.®® Experimental effective mass. The injection event of each individual elec-
investigation$® of a single-barrier structure designed from tron is independent of the injection events of the other elec-
Ing 54G& 4 AS/AIAS/ING s4Ga 4AS heterojunctions indicated trons. Therefore, the injection process is a stochastic
that it has an excellent capacitance modulation charad?oissonian process. The number of injected electhodsr-
teristic for frequency multiplication. Therefore, the ing time stepAt obeys the Poissonian distribution

1. MODEL
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FIG. 1. The transmission probability of electron tunneling Position (nm)

through an 1gsdGay 4AS/AIAS/INg 5G& 4AS barrier of 50-nm
thickness as a function of incident energy. The transmission prob- FIG. 2. Potential profile, i.eI" valley edge(solid curve and
ability via theI'-I'-I" channel was obtained from E(A5) of the  distribution of electron kinetic energypoints for a bias voltage of
present study for an electric field in the barrier 100 kV/cm. The 3 V. The inset shows the energy-band diagram of the structure.
transmission probability via thE-X-I" channel was calculated from
Eq. (15 of Ref. 26. The results were obtained for the wave-vector

component parallel to heterointerfaisg—0. 15 and 16, respectively. The band offset betweenlthal-

leys of AlAs and I 5{Ga, 47AS is accepted as 1.2 elRefs.
17 and 18 The self-consistent potential distribution is de-
Py(A) = (I'At) exp(—TAt). 3 rived from the solution of the Poisson equation at each time
N! step. A small time step of 1-fs duration was chosen in order
o ) ) _ _ to avoid the numerical instabilities. The Poisson equation
Probability distribution(3) is taken into consideration for a \yas solved on a uniform spatial mesh with 1000 nodes. The
simulation of temporal electron injection. The numeof  cajculations were carried out for 100 000 simulated particles.
electrons injected from each contact during each time step Heterojunctions were treated as abrupt interfaces. Elec-
At is chosen randomly in accordance with E8). The com-  tron tunneling and thermionic emission through the hetero-
ponents of the wave vector of each injected electron are sgnterfaces was taken into account. The triangular and trap-
lected as random quantities, which satisfy the probability disezoidal shapes of the potential barriers were considered for
tribution given by EQ-(.l)- o ~ electron tunneling according to the energy of the impinging
We have also considered the injection process, taking int@|ectron: trapezoidal for the low-energy values and triangular
elect_rons in the contacts. In this case, the electron i”JeCtiOBrobability for tunneling through the triangular barriér,
rate is changed to which takes into account the electron effective mass discon-
tinuity at the heterointerfaces, was used in the present calcu-

_dN [kgT ®,(Eg/kgT) lations.
I'= E‘Sn 8m @ ,(Eg/kgT)’ 4) Most electrons tunnel through the trapezoidal barrier due
to the largel’-I" band offset between thE valleys of the

whered,; and®,, are the Fermi integrals of order 1 and 1/2, considered structure. The transmission probability through
respectively, andc is the energy of the Fermi level. The the trapezoidal barrier via tHe-I'-I" channel was derived by
valueE=0.6175 eV is obtained from a numerical solution solving the Schrdinger equation, and by taking into account
of the equatiom™ =2[27mkgT/(27%)?]%%®,,(Er/kgT).  the discontinuity of the effective mass at the heterointerfaces
The probability distribution of the random wave-vector com-(see the Appendjx
ponents of injected electrons is also changed, taking into As is seen from the energy-band diagram presented in the
account the Fermi-Dirac statistics. The calculationd -0, insert of Fig. 2, resonant tunneling via th&-X-TI'
C-V, relationships and ac response of the single-barriechannel®=*may play a significant part in the tunneling pro-
structure are performed for both models of carrier injection.cess through the AlAs barrier in the
It is found that the difference between the results obtained byng s4G & 4AS/AIAS/INg 545G 47AS structure. In the present
using Maxwell-Boltzmann and Fermi-Dirac statistics of car-study, the tunneling through tH&X-I" channel is taken into
rier injection does not exceed 1-2 %. account by assuming a rectangular potential barrier, and by

The energy-band structure of the materials composing thasing thel’-X-I" transmission probability derived in Ref. 26.
structure included’, L, and X nonparabolic valleys. Polar The assumption of a rectangular barrier is reasonable, be-
optical, deformation acoustic, ionized impurity, and all inter- cause the energy range over which the bound states exist in
valley scattering processes are considered. The material pAtAs layer is between E,>E>E;, where E;=Err
rameters for Ips4Gay 4As and for AlAs are taken from Refs. —Eryang)=0.3 €V, and E2=EFX(,nxGalfos)=0.67 ev.
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Thus, the electron can suffer reson&RK-T" tunneling in an ~ ation of the steady state current for structures in which the
energy range essentially below theI’ band offsetEy  tunneling current is predominant. This is evident from the
=1.2 eV. The value of the adjustable paramétéRef. 26,  following considerations:
which represents the extent of theX mixing in the'-X-I' The accuracy of the current density evaluated from the
tunneling, is estimated from a comparison of the calculatedMonte Carlo simulations by using E¢6) can be estimated
and experimenta| -V characteristics of the structure. The as follows: Assume for SlmpIICIty that the intercarrier inter-
dependence of the transmission probability on the incidengction is negligible, and that electrons are moving in a self-
electron energy is shown in Fig. 1. consistent and non-fluctuating electric field. Let us also ne-
These transmission probabilities were then used in thélect the fluctuations in a number of simulated particles,
Monte Carlo simulations according to the energy of the im-Which are caused by random particle injection from the con-
pinging electron. Both tunneling channel§-I'-I" and tacts. Under these conditions the statistical fluctuations of the
I'-X-T", were taken into account for the electron energy rangé&alculated current density can be estimated by introducing
between 0.3 and 0.67 eXsee Fig. 2 Tunneling via the the momentum distribution function
I'-I'-I" channel was only considered for the electron energy L
outside this range. The shape of the potential barrier was f(k,z)dz
updated each time step from the solution of the Poisson B 0
equation. The transmission probabilities for thd -I" and F(k)=—¢ '
I'-X-T" channels were calculated for each electron impinging JO f f(k,z)dkdz
the barrier. The tunneling process was then treated in the
Monte Carlo simulation as a scattering event. A randomrmormalized to unity, wheré(k,z) is the electron distribution
numberr, uniformly distributed between 0 and 1, was gen-function normalized to the local electron concentratiga).
erated. The electron was allowed to tunnel if the inequalityThe distribution functionF(k) corresponds to the momen-
D<r was satisfied. Otherwise, the electron was reflectedum distribution of all the electrons in the structure. The
from the barrier, i.e., its wave vector componé&nt normal  variance varf) of the calculated current densijy i.e., the

(6)

to the heterointerface was changed-id, . mean value of the square of current fluctuati¢@s®), can
be obtained from Eq(15) of Ref. 28. The resulting expres-
. 1-V CHARACTERISTIC sion for the variance vay} of the calculated current density
is given by

The steady-state potential profile and electron distribution

in the InysdGay 4AS/AIAS/ING 548G &, 4/AS Structure are pre- 2K E (k) dk
sented in Fig. 2. The majority of electrons are located in the () 1 vz(K)F(k)
In,Ga, _,As layer adjacent to the emitter. The electric field is 2 N -1/, (7)

2
low in this layer. Therefore, all electrons are distributed in Jo f vz(k)F(k)dk}
the lowestl” valley of the conduction band of this layer. The
tunneling current through the AlAs barrier is dominant for wherejq is the exact value of the current density, axds
the bias voltages below 10 V. A thermionic current over thethe number of simulated particles. Equatidh is valid for
barrier was not observed in this range of bias voltage. the estimation of the accuracy of Monte Carlo simulations
For the ensemble Monte Carlo simulations, the currenfor any two terminal structures.
densityj is usually evaluated in accordance with Shockley- In a case where the tunneling current is dominant over the
Ramo theorem &5 thermionic one, most of the electrons are accumulated in the
region where the electric field is low, as seen from Fig. 2.
o The electrons are in a state close to the thermal equilibrium
=T Zl vy(Ki), (5 in this region. Assuming that the electrons are in thermal
equilibrium in the whole structuréhe high-field region on
whereo is the particle charge per unit aréais the length of ~ the collector side of the structure is depleted of electrons; see
the structureN is the number of simulated particles, is the ~ Fig. 2, from Eq. (7) we obtain the variancésj?) of the
velocity of the particle in the direction, andk; is the wave  calculated current density. The result is given by
vector of theith particle. Serious difficulties exist, however,

N

in the evaluation of the steady-state current from 5. (8% _£<Vt2h>_<yd>2 .
when electron tunneling controls the current. The level of the j(z) N (vg)? ' ®

fluctuations in the current density obtained from the Monte
Carlo simulations may essentially exceed the exact vajue Where(»3,) is the squared mean velocity of all the electrons,
even though an extremely large number of particles arend (vy) is the electron drift velocity averaged over the
simulated. Such a situation occurs when the average trang¢hole structure. In accordance with E@), an extremely
mission probability of the electron tunneling is below unity large number of particles should be simulated in order to
by several orders of magnitude. In such a case, most of thebtain a reasonably accurate calculated current density when
particles impinging on the barrier are reflected, and only ahe transmission probability of the electron tunneliDgis

few of them are tunneling and making a contribution to thesignificantly less than unity. For example, assume that the
current. Due to this, Eq5) is not appropriate for an evalu- transmission probability iB =10"* for the electrons at ther-
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FIG. 3. Comparison of the calculated steady state charac- FIG. 4. Calculated current responselid curvesto the ramp of
teristic (solid curves with the experimental resultsRef. 14 o pias yoltage. The calculations were carried for two rates
(dashed curve The calculations were carried out considering only 4 /4t=0.025 and 0.05 Vips of the increase in the bias voltage.

the-I'-I tur_meling channel and considering k_)o_th fhd’-I" and The voltage was linearly increased from 0 to 5 V. The dashed curve
I'-X-T" tunneling channels for two values BfX mixing parameters shows the steady-stateV characteristic

t=0.5 and 0.3.

. . : - (51 1
mal equilibrium (Fig. 1). The average drift velocity can be - (1)
estimated as(vq)=v;,D. From Eg. (8) we obtain that i3 M*

(8j%)/j5=(ND)%; i.e., in order to achieve an accuracy of o
10% for the calculated current, the required number of simu;rhe value of the current fluctuatioqsj®) given bY Eq.(11)
lated particles is\N=1C. |s_Iower by several orders than the correspondln_g val_ue ob-
This problem can be resolved by using an alternative est-a'ned from Eq(8). I.t should be noted that Eq9) is valid .
timator for the evaluation of the steady state current. Cong.mIy for the calculation of current under steady-state condi-
sider theith Monte Carlo particle incident on a barrier. The tions. The'currenlt shpul_d be evaluated from &when the
charge per unit area of the particle ds The transmission electron d'Str_'bUt'On is time dependent.
probability D of the particle is dependent on its wave vector A comparison of the calculated steady-stafé charac-
k; . For this particle, the fraction of the tunneling charge jsteristic of the_ I@-53G30-47A‘Sh£?|AS/In0-5ﬁ.39-47AS structure
oD(k;). By collecting all the particles impinging the barrier with the experlmentgl resuttsis shpwn in Fig. 3. The cal-
from the left and the right during the time stap, we obtain culatedl V characteristic is approximately two o_rders below
the current density, which is given by the experimental results when only tunneling via thé'-I"
' channel is considered, and theX-I" channel is disregarded.
M+ - The |-V characteristic obtained taking into account the
.o o I'-I'-I" and I'-X-I" channels for the value of’-X mix-
= At izl Dki) = 3¢ le D(k;), ©) ing t=0.5 (t=0.5 was accepted in Ref. 26 for the
GaAs/AlAs/GaAs heterostructur@verestimates the experi-
WhereM+ andM_ are the numbers of partic'es |mp|ng|ng mental reSUItS. The beSt agl’eement Of the Ca|Cu|ékth
on the barrier from the left and right, respectively, during thecharacteristic of the fkdGay 47AS/AlAS/INg 54Gay 47AS struc-
time stepAt. The accuracy of the current density obtainedture with the experimental dafeis obtained fott=0.3 (Fig.
from Eq.(9) can be evaluated as follows. Consider a strean®)-
of Monte Carlo particles incident on a barrier from the left.
The stream is a stochastic Poissonian protesssume, for IV. C-V CHARACTERISTIC
simplicity, that the transmission probability is constant, i.e., . . .
independent of the energy of the incident electron. The re- 1he C-V characteristic of the structure is evaluated di-
sulting current fluctuations are caused by the Poissonian tenﬁ@Ctly f(om t.he simulated current response to the Ilnearly
poral fluctuations in the number of particles impinging theNcréasing bias voltage._ The response of the current density
barrier. The variance of the calculated current density id(t) t© the slowly varying bias voltage)(t) can be ex-
given by pressed as

2

du
2 S
<5j2>:<(2[t)) <5M+2>:(Z[t)) M 10 J(O=jo(U)+C(U) 5. (12)

wherejy(U) is the steady-state current density for bias volt-
Thus the accuracy of the calculated current can be estimatejeU, andC(U) is the capacitance per unit area caused by

as the displacement of the space charge in the structure. Once
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FIG. 5. C-V characteristidcircles and crossg®f the structure FIG. 7. First- (), third- (j5), and fifth- (5) harmonic ampli-
obtained from the current response presented in the Fig. 4. Thides of the current response vs the excitation frequency. The am-
solid curve shows experimental results of Ref. 14. plitude of the sinusoidal excitation is 5 V.

the steady-staté-V characteristicjy(U) is calculated, the V- LARGE-SIGNAL AC RESPONSE

current response to the linearly increasing bias voltage is The large-signal ac current response was calculated for
simulated. The current density is estimated from E8),  the evaluation of the efficiency of the structure for frequency
which is valid for the steady state as well as for time depenmultiplication. The current response to a 50-GHz sinusoidal
dent transport. Th€-V characteristic is evaluated from Eq. bias voltage is presented in Fig. 6. Odd harmonics are only
(12). The ratedU/dt of the bias voltage increase should be generated during the frequency multiplication because of the
taken as sufficiently small in order to ensure stationary eleceven symmetry of th€-V characteristic of the symmetrical
tron distribution in real and momentum space during thesingle-barrier structure. The amplitudes of the first, third, and
simulation of the current response. fifth harmonics (Fig. 7) were obtained from the Fourier
The current response to the linearly increasing bias volttransform of the large-signal ac response of the current.
age fromU=0 toU=5 V is shown in Fig. 4. The current ~ The current response to sinusoidal excitation is deter-
response is calculated for two different ratBd/dt of volt-  mined by the steady statg-V characteristic at low excita-
age increase. It was obtained that the current response fign frequencies below 50 GHz. In this frequency range, the
linearly proportional to the ratdU/dt. As seen from Fig. 4, harmonic amplitudes are linearly proportional to the excita-
the displacement current significantly exceeds the steadytion frequencyf (Fig. 7). The response of the electron distri-
state current densityy. Hence the steady-state current can bepution in real and momentum space is stationary in this fre-
neglected in an evaluation of the capacitance of the structurguency range; i.e., the electron distribution is close to a
Figure 5 shows th€-V characteristic obtained from the re-
sults presented in Fig. 4. As seen from Fig. 5, the calculated 10

C-V characteristic is in very good agreement with the experi- 20 GHz
mental datd? )
5 | oo { 200GHz
8 5| SR i
T T T 6 Q
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400 =
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FIG. 8. Current-voltage phase portraits for the 2®blid curve

60 and 200-GHzdashed and dotted curyesinusoidal excitation fre-
Time (ps) quencies. The amplitude of the excitatiordg=5 V. The current
density is normalized to the excitation frequency. The dashed curve
FIG. 6. Current respons@golid curve to the sinusoidal excita- is obtained when neglecting tixeandL valleys, the dotted curve is

tion of 50-GHz frequency and 5-V amplituddashed curve obtained when including th¥ andL valleys.
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steady state during the ac period. At a low excitation fre-
guency, the amplitude of theth harmonic is defined as

2

jn=27TfU0J C(Ugpsinw)cosw cosnwdw, (13
0

whereC(U, sinw) is the steady stat€-V characteristic of
the structure.

The efficiency of the frequency multiplication is reduced
at excitation frequencies above 50 GHz, as is evident from
the results presented in Fig. 7. The inertia of the electron
redistribution in real and momentum space is responsible for
the reduction of the efficiency at high excitation frequencies.
This is evident from thg-U phase portraits presented in Fig.
8. As seen from Fig. 8, the current is determined by the

Energy (eV)

16

1.6
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200

400
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steady-stat€-V characteristic at an excitation frequency of 1.2
20 GHz. Contrary to this, the shape of the current response is
substantially different from the one determined by the
steady-stat€-V characteristic at an excitation frequency of
200 GHz.

The processes responsible for the deviation of the high-
frequency current response from the low-frequency response
can be understood from the electron and potential distribu-
tions presented in Fig. 9. At low excitation frequencies, the
distribution of the electron concentration in the structure cor-
responds to the steady-state distribution during the ac period
[Fig. 9@)]. At high excitation frequencies, as seen from a 16F : - - : T
comparison of the electron distributions presented in Figs. Tl ()
9(a) and 9b), the electrons have no time to completely com-
pensate for the space charge in the regions near the barrier.
Due to this, the effective capacitance of the structure is sig-
nificantly reduced. As a consequence, the peak value of the
current is essentially lowered, as seen from Fig. 8.

At a high excitation frequency, the electrons are essen-
tially heated in thd” valley of the InGa, _,As layers when
the upperL and X valleys are disregardedrig. Ab)]. As a 0.0
result, thel” valley electrons in the kGa _,As layers are ,
transferred to the uppdr and X valleys when intervalley 0 200
scattering is taken into accouffig. 9c)]. This intervalley
transfer essentially reduces the electron drift velocity in the
InXGaﬂ.—XAS |ayers_ |\/|0reoverl the e|ectronsy which occupy FIG. 9. Potential prOfI|éSO|Id curve$ and distribution of elec-
the L andX valleys in the InGa, _,As layer, may surmount tron kinetic energy(pointQ at the timet=10/f for and ac bias
the InGa,_,As/AlAs heterointerface thermionically, as is Voltage U(t)=Ugsin(2aft), Uo=5 V. (@ f=20 GHz. (b) f
evident from the energy band diagram shown in the inset of 200 GHz, and_ andX valleys are disregardedc) f=200 GHz,

Fig. 2. After the emission of optical phonons, the electrons iff"dL andX valleys are considered.

the X valleys of the AlAs layer are cooled and confined in

the barrief{Fig. 9(c)]. The cooled electrons are able to leave

the AlAs barrier only by means of tunneling. As a result, atunneling mechanism of the dc transport in the
significant space charge is accumulated in the barrier. Thif, sdGay 4AS/AIAS/INg 54Gay 47AS  heterostructure.  The
accumulated space charge causes an addition reduction in tbapacitance-voltage characteristic of the structure was ob-
peak value of the current, as seen from Fig. 8. tained from direct Monte Carlo simulations. The efficiency
of microwave frequency multiplication by a single-barrier
structure was investigated.
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VI. CONCLUSIONS

Steady-state dc and time-dependent large signal ac elec-
tron transport in a single-barrier structure was investigated
by Monte Carlo simulations. A comparison of the calculated
[-V characteristic of the structure with the experimental data This work was supported by the Lithuanian State Science
indicates that resonanf’-X-I" channel is the dominant and Studies Foundation.
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APPENDIX

The three layers composing the potential barrier were

characterized by indexes (layer of incident electron 2
(barrier layey, and 3(the final layer after tunneling The

following matching conditions for the electron wave function

(z) at the heterointerfaces were used:

$1(0)=¢2(0), (A1)
1 dyy(0) 1 diy(0)
m dz m, dz (A2)
o(d) = ifr3(d), (A3)
1 dyp(d) 1 dys(d)
m, dz m; dz (A4)

whered is the barrier width; andn;, m,, and m; are the

effective masses in the initial layer, the barrier and the final
layer, respectively. The obtained transmission probability for

a trapezoidal barrier is given by

dmiks, 1

—, Ab
772m3k12 Q2 (A%

PHYSICAL REVIEW B 63 155301

Q?= 1 [AI(70)B{ (70) — A (174)Bi(10)]

mlksz
m3klz

2
+ [Ai(74)B{ (10) — Al (70)Bi( Wd)]]

+

mke : : ,
M[Ai (Wo)Bi (7]a)_Ai (77d)Bi (70)]

myks, 2
ke [Ai(Uo)Bi(ﬂd)—Ai(ﬂd)Bi(ﬂo)]] .
3Ke

(A6)

A; andB; are Airy functions, and\/ andB, are their deriva-
tives:

ke=(2m,eF/#2)Y3, (A7)
no=Ke(Uo—Ey,)/eF, (A8)
ne=ke(Uo— E,,—eFd)/eFd, (A9)
E,,=E;—#%%k3/2m,. (A10)

e is the electron chargé, is the Planck constant), is the
barrier heightF is the electric-field strength in the barriet,

wherek,, and ks, are the transverse to the heterointerfaceis the barrier widthE, is the energy of the incident carrier,
wave-vector components, the incident component, and thandk,, is the wave-vector component parallel to the hetero-

final component, respectively:

interface.
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