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MONTE-CARLO SIMULATION OF HIGH-FIELD ELECTRON TRANSPORT IN ALTERNATING-
CURRENT THIN-FILM ELECTROLUMINESCENT DEVICES

KLBhattacharyya*, S.M.Goodnick, and J.F.Wager, Department of Electrical and Computer Engineering, Center for
Advance Material Research, Oregon State University, Corvallis,OR 97331-3211
* On leave from the Institute of Radio Physics and Electronics, Calcutta University, Calcutta, India

ABSTRACT

We present an ensemble Monte Carlo simulation of electron transport in bulk ZnS at high electric fields.
Scattering mechanisms associated with polar optical phonons, acoustic phonons (through deformation potential
coupling), intervalley scattering, and impurities (neutral and ionized) are included in a nonparabolic multi-valley
model. The simulated results show that energetic electrons are available for impact excitation at fields exceeding
1 MV/cm. and that transient effects are negligible in explaining measured efficiencies in ACTFEL devices.

1. INTRODUCTION

The operation of alternating-current thin-film electroluminescent (ACTFEL) devices depends on the physics
of hot electrons in the active phosphor layer [1,21. Currently two different views exist regarding high-field electron
transport in ZnS:Mn ACTFEL devices based on Monte Carlc simulation. Brennan [3] performed an ensemble Monte
Carlo simulation of steady state hot electron transport in bulk ZnS including a full band structure calculation for the
density of states in the first two conduction bands and a treatment of electron-phonon scattering including collision
broadening. His results have been interpreted as suggesting that very few carriers are available with sufficient energy
to excite Mn luminescent centers in ZnS at fields up to 1 MVIcm. From this conclusion, it is difficult to explain
how such high efficiencies and brightness are obtained in commercially manufactured ACTFEL devices. On the
other hand, Muller and co-workers conclude [4,5] from Monte Carlo calculations and vacuum emission experiments
[5] that the electrons in ZnS ACTFEL devices undergo ballistic or loss-free transport, resulting in extremely high
energy electrons. These latter Monte Carlo calculations were performed assuming a single, parabolic conduction
band with scattering assumed to occur exclusively via polar optical phonons. Furthermore, the electron distributions
reported by Maller et al. [5] might be unrealistic since work by Braunlich et al. [6] indicated that the vacuum
emission experiment is unreliable in assessing the high energy tail of the distribution.

We believe that high-field tansport in ACTFEL devices lies in between the two extremes suggested above.
The intent of the present work is to help elucidate this apparent contradiction through an investigation of transient
and steady state electron transport in the active ZnS using an ensemble Monte Carlo simulation. A nonparabolic
multi-valley model is used, including scattering due to ionized and neutral impurities, to compare the simulated hot
electron distribution in ZnS to the calculated Mn excitation cross section [7].

2. MONTE CARLO MODEL

The Monte Carlo method as applied to semiconductor transport [81 is a simulation of the trajectories of
individual carriers as they move through a device under the influence of external forces and subject to random
scattering events. The duration of the carrier free flights between successive collisions and the scattering events
involved are selected stochastically in accordance with the given transition probabilities describing the microscopic
processes. In our model the conduction band is approximated by nonparabolic multi-valley (gamma. L and X) bands,
with the dispersion relation

E(l+a.,E)= h2k2m*n, (1)

where c6, m*,. and k are the nonparabolicity parameter and effective mass of valley n respectively, while k is the
wave vector. Between collisions, the crystal momentum changes according to the local field, while the velocity of
the particle is given by

v = 1/b (aE/ak). (2)
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The duration of the free flight is given by

tr = -(I/flln(r), (3)

where r is a random number uniformly distributed between 0 and 1 obtained from the computer random number
generator. The total scattering rate,', is given by

r = rWc+ ri- + ri , (4)

where rp, F- , r.,y and rF_, are the various scattering rates considered in the present model due to polar optical
phonons, acoustic phonons, intervalley scattering and impurities (both ionized and neutral) respectively. The self
scattering rate, rF, corresponds to a fictitious scattering mechanism which changes with time so that the total rate,
F, is constant [81. Self-scattering does not change the carrier momentum and energy, and thus does not affect the
carrier's trajectory.

The scattering probability of electrons with polar optical phonons is treated assuming the Fr6hlich interaction [9],
while the deformation potential Ansatz is employed for acoustic and intervalley scattering. We use the ConweUl and
Weisskof formula [8) for ionized impurity scattering due to the small free carrier concentration in the ZnS. For
scattering by neutral impurities (i.e. Mn+2), we use Erginsoy's formula [101 which gives an energy-independent
probability. The present results are obtained using the ZnS material parameters given by Brennan (3]. Some of the
relevant valley dependent parameters are listed in the Table I.

Table I. Valley-dependent parameters

Parameter gamma L X

Effective mass (min&m/) 0.28 0.222 0.40

Nonparabolicity (eV"') 0.690 0.650 0.360

Valley separation (eV) ... 1.449 1.454

Equivalent valleys 1 4 3

The type of scattering terminating a free flight is chosen at random according to the relative scattering rates
at the end of the flight. The final angle is then chosen randomly according to the differential scattering cross section.
Several thousand particles are simulated simultaneously, and ensemble averages performed to obtain the quantities
of interest such as the energy, velocity, and carrier distribution function.

3. CALCULATED RESULTS

The scattering rates due to the various scattering mechanisms as a function of energy for the gamma valley,
are shown in Fig. I at 300K. For the ionized impurity scattering rate shown, an impurity concentration of
lx 1019/cm3 is used. The gamma valley scattering rate due to neutral impurities (not shown in the Fig. 1) arises from
Mn doping, and is found to be approximately 1011/s for a density of lxl020/cm3. This density corresponds to 0.5
mole % doping in the cubic ZnS. Such a low scattering rate is found to be ineffective in affecting transport, and
is neglected in most cases. As seen in Fig. 1, the gamma to X intervalley scattering rate is larger than the gamma
to L rate, due to the larger X valley effective mass. Thus, the X valley is expected to be preferentially populated
in comparison to L. as discussed later.

Figure 2 shows the variation of the steady state drift velocity as a function of the applied electric field for
three different ionized impurity concentrations at 300 K. Brennan's [31 steady state results are included for
comparison. The calculated steady-state velocity-field curve ( Fig. 2) is in agreement with Brennan's results [31 at
high fields but deviates from his result at low fields and is in better agreement with experimental low-field mobility
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values for the ZnS system. The threshold field for intervalley transfer in the present study is twice that obtained by
Brennen [3) which may relate to details of the band structure not included in the present model. As shown in Fig.
2, ionized impurity scafming affects the slope of the velocity-field curve for fields less than 100 kV/cm, and thus
dominates the low field moility for impurity densities in excess of 1O'9/cm 3.
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Fig. I Scattering rtaes due to different scattering mechanisms as a function of energy in the gamma valley at 300K.
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Fig. 2 Variation of the steady state drift velocity as a function of electric field for three different ionized impurity
conce ions.

In Fig. 3 we plot the average velocity versus time for thife different applied electric fields without ionized
impurity scamtering. From this figure it is clear that steady state is reached within a few tenths of a picosecond.
Figure 4 gives the variation of the average electron energy with time for three different electric fields. Although
there is a short time scale overshoot in the electron velocity before intervalley transfer to the L and X occurs, there
appears to be no significant oversho in the energy of the particles during the traversal time in the phosphor layer,
which is approximately one to two picoseconds based on the saturated velocity at high field.

Figures 5 and 6 show the steady state electron population. n(E), as a function of energy considering the total
energ (kinetic plus potential) of the electrons. In Fig. 5 we plot the sum of the electron populations in the three
different valleys for various electric fields. For comparison, we plot the calculated Mn impact excitation rate taken
from the calculation of Shen an Xu M71 which is based on the full band structure rather than the nonparabolic model
used in the Monte Carlo simulation. Fig. 6 shows the electron population in individual valleys for an electric field
2 MV/cm. The elekton population, n(E), in gamma and in X valleys is comparable (Fig.6), and much higher than
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Fig. 3 Velocity versus time for three different applied electric fields without ionized impurity scattering.
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Fig. 4 Variazion of the average electron energy with time for three different applied electric fields without ionized
impurity scattering. ,12D
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Fig. 5 The total steady state electron population. n(E). and impact excitation rate. R(E). as a function of energy
without ionized impurity scattering.
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Fig. 6 T7he steady state electron population in three different valleys (gamma, L and X) as a function of energy

without ionized impurity scattering.

that of L valley, because of the difference in intervalley scattering rates.

4. DISCUSSION

The material parameters used in the calculation of bulk transport are not known precisely, especially the
valley dependent parameter. If we assume parabolic conduction bands, our Monte Carlo simulation exhibits electron
run-away, consistent with ballistic or loss-free transport, at fields of 100 kV/cm and higher, in agreement with MilJer
and co-workers [4-5]. However, if conduction band nonparabolicity is included in the Monte Carlo simulation, we
no longer observe electron rui-away and the electron distribution is stable, i.e. nonparabolicity stabilizes the electron
distribution by increasing the scattering rate. Furthermore. the inclusion of higher valleys and the associated
intervalley scanering completely stabilizes the simulated results for all fields considered.

Ionized impurities ane found to have an effect at only at low fields because the scaltering rates decrease with
inceaung carrer energy while at high fields phonon emission increases. Thus, at the fields necessary to excite
luminescence transition&s impurities play little role in the device performance. Neutral impurity scattering does not
play role due to the its low scering rat even for densities on the order of lxl02/cm3.

As seen from the Fig. 5 and 6. at fields on the order of 1 MV/cm and larger, a significant fraction of the
total population. n(E), resides at energies exceeding the threshold for luminescence excitation. Figure 5 shows that
the peak of the n(E) versus energy curve shifts towards higher energy as the electric field increases from 1 MVlcm
to 2 MV/cm' In comparison to the Mn excitation curve, we see a substantial overlap of the electron population which
may ecite trasions. This result, although obtained within an effective mass picture, is not in serious disagreement
with that of Brennen (3) when normalized by the effective density of states, which is quite large at energies close
to the excitation threshold. In Brennen's case [31, only the occupancy ]fT) was shown which has led to some
confusion sincef(E) is quite small at the threshold for impact excitaion. Our results show that in the field range
of 1.5 to 2 MV/cm corresponding to the field clamping regime in AnS ACTFEL devices, the average energy of
electrons exceeds 2 eV. and thus there is an adequate supply of energetic carriers for efficient electroluminescence
to occur.

No evidence for a significant electron population higher than 5 eV is found for fields up to 2 MV/cm. in
comnat to the results of MIller and co-workers (4-51, even during the nonstationary regime. Very few carriers are
available for impact ionization via electron-hole pair generation. We estimate [11,12] the threshold for band-to-band
impact ionization to occur at approximately 4.3 eV: since Fig. 5 indicates that the high energy tail exists below
apipommcly 4 eV, we do not expect band-to-band impact ionization to play an important role in the device physics
of ZiS ACTFEL operation.



5. CONCLUSIONS

Monte Carlo simulation indicates polar optical phonon and intervalley scattering mechanisms to be of
dominant importance, whereas neutral and ionized impurity scattering are of no significance, in determining the high
field electronic transport properties of bulk ZnS. Nonstationary transport effects, such as velocity overshoot, are
found to play no role in the operation of an ACTFEL device since the total scattering rate is found to be extremely
large at the exceedingly large fields at which these devices operate. The average energy of an electron transiting
a ZAS ACTFEL device exceeds 2 eV such that the electron distribution is hot enough to account for the observed
efficiency of commercial ACTFEL devices. The present Monte Carlo calculations show the tail of the hot electron
distribution to occur below about 4 eV; this would seem to preclude the occurrence of band-to-band impact ionization
since this is below the 4.3 eV threshold energy for impact ionization.
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