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transients. Our TBJs were based on InGaAs 2-dimensional electron gas (2DEG)
heterostructures and their geometry followed exactly the earlier experimental studies.
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reaches the THz frequency range, being mainly limited by the large-signal, intervalley

scattering, when the carrier transport regime changes from ballistic to diffusive.
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I. INTRODUCTION

Electron devices that can operate in the terahertz (THz) frequency electromagnetic

spectrum (approx. 0.3 to 30 THz) have recently gained significant importance because of

a wide variety of emerging applications.] Among the candidates for THz electronics,
nanostructures based on III-V high-mobility materials and utilizing ballistic electron

transport have been regarded as one of the most promising because of their planar

geometry with ultra-low internal capacitance and operation at room temperatures.2 One

class of such room-temperature ballistic devices are nanoscale three-branch junctions

(TBJs), based on InGaAs two-dimensional electron gas (2DEG) heterostructures.3—7 The
TBJ (with a T or Y shape) exhibits a well-known non-linear, bell-shaped response of the
central branch’s potential, when a push—pull voltage signal is applied to its arms. In the
low-bias regime (typically for a voltage between the arms below approx. 0.5 V), the
response is parabolic because of the presence of ballistic or quasi-ballistic transport,
while at high bias the output has a linear dependence, attributed to the formation of a
low-velocity domain when the applied voltage exceeds the I'-L intervalley energy
threshold.8:9 In large, micrometer-scale TBJs, only the second, diffusive regime has been
observed.8

Most recently, some of us have experimentally demonstrated a sub-THz performance
of a two-TBJ rectifier when excited by single-picosecond electrical pulses.10 The
measurements were performed in an “experiment-on-chip” configuration, with the TBJs
integrated into a coplanar transmission line and the ~1.8-ps-wide excitation transient

generated in-situ by a photoconductive switch. The output was detected in time-domain

using an electro-optic sampling technique.ll Unfortunately, the transmission line
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configuration limited our dynamical studies only to measurements performed on the
unbiased TBJs. In addition, only a small fraction of the excitation signal was actually
coupled into the rectifier because of a severe impedance mismatch at the rectifier—
transmission line interface. Therefore, the studies were done exclusively in the small-
signal regime with only limited ability to directly observe the TBJ nonlinear response at
THz frequencies.

Here, our aim is to complement time-domain experimental studies of the TBJ by
means of Monte Carlo (MC) simulations of its transient response. It consists in an
ensemble MC simulator coupled with a 2D Poisson solver, presented in detail in Ref. 12.
First, in Sec. II, we replicate the experimental conditions of Ref. 10, thus validating our
model. Next, in Sec. III, we study the large-signal regime of the TBJs subjected to both
step and pulse voltages of different amplitudes applied to their terminals. To complete

our studies we simulate a higher I1I-V mobility material, InAs, for the TBJ.

Il. VALIDATION OF THE MODEL

Figure 1 shows a MC-simulated transfer Vc vs. V1 characteristics obtained by calculating
the floating potential at the central terminal Vc when biasing the TBJ in a push-fix
fashion, i.e., sweeping the potential at the right terminal, V1, with V2= 0. We note that we
achieved very good agreement between our MC simulations (open dots) and the
experiment (solid line; see also Fig. 1 in Ref. 10). The well-known, nonlinear, rectifying
behavior is caused by the quasi-ballistic electron transport at the low-bias regime, and the
linear dependence observed in the high-bias region is due to inter-valley transfer (V1 >

0.5V = AELr/qg = 0.45 V, the voltage difference between the bottoms of the L and I’



valleys for InGaAs with g the electron charge). The intervalley scattering of carriers is
also responsible for the saturation regime in the TBIJ’s current—voltage (I-V)
characteristics (not shown). The inset in Fig. 1 presents a detailed geometry of the studied
device, following the experimental Ino.7Gao3As—based TBJ tested in Ref. 10. The
dimension of the active region is ~200 nm and the fitting parameters used in the
simulation are: surface charge density /g = 0.55%10'> cm™ and sheet-electron density in
the active 2DEG layer ns= 6x10'! cm™. The angle between the left and right branches is

around 60°.

I11. TIME-DOMAIN RESPONSE

A. Step function transients

Our systematical time-domain MC analysis started with a simple step-like excitation in a
push-fix biasing regime. Two sequences of stepped V1(¢) voltage transients were applied
[see Fig. 2 caption for the actual Vi(f) waveforms], forcing the TBJ to undergo the
transition between ballistic and intervalley-dominated regimes, indicated in Fig. 1. The
resulting MC-modeled, time-dependent values of the /i2(¢) current flowing between the
arms and the Vc(7) stem voltage, plotted as a function of time, are shown in Fig. 2 (Ref.
13). First, we note that the time evolutions of the /12 and Vc responses are different, since
different processes have an influence on them. While /i2(f) comes mainly from the carrier
transport (i.e., velocity) between the side branches, it takes an additional redistribution of
the carrier population to reach the stationary value for Ve(¢). Significant differences
appear depending on the initial bias point and the amplitude of the excitation step

voltage. First, for V1 transition from 0 to —0.25 V, the responses of both /12 and Vc are
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very fast, since we remain in the ballistic region (below the AEri/q value) and electrons
ballistically readapt to the driving voltage, reaching almost instantaneously the steady-
state values within our 10-ps step window. When V1 changes from —0.25 to —1.0 V within
the next 10-ps window, the intervalley scattering becomes dominant and a clear
nonequilibrium time evolution of both transients is observed. The 7i2(¢) signal actually
shows a pronounced peak followed by a slow dumped oscillation. The peak is due to the

well-known in III-V materials the velocity overshoot effect, appearing at the initial

stages of the high-voltage acceleration of electrons.14 After that, the electrons are subject
to an intervalley scattering and undergo subsequent I'-L and LI transitions until the
stationary conditions are reached. In III-V materials, the inter-valley scattering time is of
the order of a few picoseconds, which is well reproduced in our simulation. The V()
signal reflects the evolution of the nonequilibrium carrier population. Finally, we have
subjected our TBJ to two different return routes: one from —1.0 to —0.25 V and the other
form —1.0 to 0 V (see Fig. 2 at # > 20 ps). For Vc(?) the return to the ballistic regime is in
both cases rapid and very similar; the steady-state voltage is reached when excited
carriers return to the I valley. The /12(¢) evolution is even more rapid when the final bias
is set to 0 V since, in the absence of driving force, the intense scattering after the voltage
step is enough to reach the final zero-current value irrespectively of valley occupation.
However, in the case of the —0.25-V bias, 712(¢) reaches the steady-state value only after
the energy relaxation of carriers through the L-I" transitions and within the I" valley,
which is relatively slow because of the low density of states (low effective mass) in the I'
valley.

B. Gaussian picosecond transients



In the second phase of our MC simulations, we have studied the pulsed excitation of our
TBJ in the form of a Gaussian transient with a full width at half maximum (FWHM)
equal to 0.25 ps, 2 ps, and 20 ps. Since the results for both the 0.25- and 2-ps-wide
excitations were qualitatively very similar, we focus our discussion here on the 2-ps
pulses, experimentally much more realistic. For comparison, we have also calculated the
static/steady-state responses using the transfer function shown in Fig. 1.

As expected from our step-function simulations, for pulse amplitudes within the low-
bias ballistic regime (results not shown here), the TBJ 7l2(f) and Vc(f) responses
replicated the static curves for 2-ps-wide Gaussians, while in the case the 0.25-ps
excitation, an ~1-ps broadening was observed and the amplitude of the /i2(¢) signal was
~70% of the steady-state value. In particular, we have modeled the conditions of Ref. 10
and applied a 60-mV-high and 1.8-ps-wide input pulse in our MC-simulator. The shape
of the output transient was unchanged, confirming that the experimental shape of the TBJ
response measured in Ref. 10 was dominated by capacitive elements of the TBJ
incorporated into the transmission line. In fact, a simple circuit simulation test, in which

we convoluted our “ideal” MC response with an external capacitive network of a TBJ

rectifier, derived by Bednarz et al.,” resulted in a few-ps-long, single-oscillation transient
that very closely resembled the experimental signal presented in Ref. 10.

Under the large-signal condition, we used 1- and 0.75-V amplitude Gaussian inputs to
transiently drive the TBJ from the ballistic regime (starting from V1 values of 0 and —0.25
V, respectively) into the diffusive one and back [Fig. 3(a)] and a 1-V Gaussian in
opposite direction [starting from —1 V, Fig. 3(b)]. We note that in Fig. 3(a), despite the

large-signal switching regime, we observe no pronounced effects associated with the I'-L



transition on the Ve(?) transients that almost ideally follow the shape of the static pulse,
being only slightly delayed, and stretched at the bottom of the trailing edge. The /i2(¢)
current pulse, in turn, exhibits an ideal rising edge, but its falling edge is distorted.
Exactly as explained in the case of the step-function simulation (Fig. 2), the /12(¢) falling-
edge shape depends on whether the excitation end state is the 0 V or —0.25 V condition,
having an overshoot and prolonged relaxation tail in the latter case. We also note that the
L2(¢) waveform significantly differs from the corresponding steady-state solution, which
exhibits a flat top caused by to the current saturation of the TBJ /- characteristics in the
diffusive regime. An [i12(f) dynamical transient exactly following the static flattop
solution could be reproduced when the input excitation was, e.g., 20 ps wide.

When the initial bias of our TBJ was V1(0) =—1 V [Fig. 3(b)], electrons were already
present in the L valley and the impact of the inter-valley scattering dynamics was clearly
visible on the falling (corresponding to the ballistic-to-diffusive transition) edges of the
Lo(t) and Vc(r) transients. As in the case of stepped transients, the most-pronounced
oscillations were observed in the /12(f) waveform and, interestingly, their period was only
material related, being exactly the same in the case of 0.25- and 2-ps-wide excitations.
The latter strongly indicates that the best way to improve the TBJ ultrahigh-frequency

performance is to fabricate it using a material with high mobility and large I'-L energy

separation, such as InAs,lSa16 rather than, e.g., shrinking its dimensions to enhance
ballisticity,

To corroborate the expected improvement in the ultrahigh-frequency performance of
TBIJs fabricated in the higher mobility materials as, e.g., InAs, we present in Fig. 4 the

L2(¢) and Vc(r) transients simulated under the same conditions as in Fig. 3(b) but for an



InAs-based TBJ. The microscopic material parameters used in these MC modeling are
available in Ref. 17. It is clearly observed that the responses of both waveforms are
strongly dumped, and their respected stationary values are reached much sooner (within
~2 ps) than for the case of the InGaAs-based TBJ [Fig. 3(b)]. The latter is because of the
higher velocity and lower effective mass (0.023) of electrons in the InAs I' valley, as well
as the fact that in the case of the InAs TBJ, the applied 1-V Gaussian pulse is not enough

to initiate the carrier transfer into the upper valley, since AELr/g=1.1 V.

CONCLUSIONS

In summary, our Monte Carlo time-resolved simulations of nanostructured InGaAs TBJs
excited by both the step-function and Gaussian picosecond transients revealed that the
bandwidth of the intrinsic TBJ response extended into the THz range, being mainly
limited by a few-ps-in-duration, I'-L intervalley scattering. Pronounced oscillations were
observed in the 7i2(f) transport current response during the TBJ switching from the
ballistic into the diffusive regime and were interpreted as the velocity overshoot effect
present in III-V materials when electrons are accelerated and transition from I' to L
valley takes place. The central stem Vc(7) response was almost undistorted, confirming
that the TBJ could be implemented as, e.g., a THz-rate “AND” gate. For low-signal
excitations, within the ballistic regime, the time-resolved TBJ response practically
followed the excitation signal, confirming the earlier, experimental notion that in such
case the main distortion comes from external capacitive network surrounding the TBJ
placed in the transmission line. For excitation pulses wider than 20 ps, the TBJ response

signal, even in the large-signal regime, simply followed the steady-state solution. Based



on our studies, we can speculate that TBJs fabricated using materials characterized by
ultrahigh mobilities and the absence of the intervalley scattering, e.g., graphene, should

exhibit intrinsically a frequency response well in the THz regime.
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FIGURE CAPTIONS

FIG. 1. MC—modeled TBJ transfer characteristics (open dots) of the central branch
voltage Vc versus the right-hand branch voltage V1 (push—fix fashion) with the ballistic
and intervalley transfer regimes marked. Experimental data (solid line) are from Ref. 10.
The inset shows the geometry and the biasing scheme of the TBJ used in the MC
simulations, following the real TBJ of Ref. 10. The different device regions are labeled in

the legend and all dimensions are in nanometers.

FIG. 2. MC—modeled time-resolved evolutions of /12(¢) (black dashed line and left axis)
and Vc(?) (red line and right axis) transients in response to two sequences of Vi(#) voltage
steps: Vi(¢) = [-0.250(¢) - 0.750(z - 10 ps) + 0.750(¢ - 20 ps)] V and Vi(¢) = [-0.250(¢) —

0.750(¢ - 10 ps) + 1.000(¢ - 20 ps)] V, with O the Heaviside step function.
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FIG. 3. MC—modeled time-resolved evolutions of /12(¢) (black lines and left axis) and
Ve(?) (red lines and right axis) transients in response to 2-ps-wide Gaussian pulses. The
dashed-line traces correspond to the static/steady-state solutions. (a) Transitions from the
ballistic regime with Vi(0) values of 0 and —0.25 V into the diffusive one (V1 = -1 V)
and back. In order to enable a direct comparison, the pulses corresponding to V1(0) = —
0.25 V are amplitude scaled (/12 by the factor of 2.413 and Vc by 1.2) and shifted to 0 by
—391 A/m and —0.151 V. (b) Transition from the diffusive, V1(0) =—1 V, regime into the

ballistic one (V1 =0 V) and back.

FIG. 4. MC—modeled time-resolved transients, the same as signals in Fig. 3(b), but

simulated for an InAs-based TBJ.
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