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Abstract—A tunable wavelength laser system and high
resolution transient capture system are introduced to characterize
transients in high mobility MOSFETs. The new setup enables
resolution of fast transient signals and understanding of charge
collection mechanisms.
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I. INTRODUCTION

Pulsed-laser testing has become a valuable testing method to
study single event effects (SEE) in devices and circuits [1],

[2]. Although the charge generation mechanisms and
charge profile induced by laser irradiation are different from
heavy ion irradiation, laser testing provides a complementary
nondestructive, convenient, and low-cost method to identify
mechanisms responsible for SEE. Pulsed laser testing is
generally divided into two categories: single-photon absorption
(SPA) and two-photon absorption (TPA), depending on the
electron-hole pair generation mechanism [3].

SPA refers to above-bandgap optical excitation, where each
absorbed photon generates an electron-hole pair. Due to the
exponential decay of light intensity traveling through the
material, the penetration depth of the laser is limited. To
generate charge tracks with various depths, usually the laser
wavelength is varied [4]. For SPA irradiation, however, it is
often difficult or impossible to inject charge into a device, due
to the presence of metal over-layers. This challenge is
addressed by TPA, which is produced by irradiation with high
peak power femtosecond laser pulses at subbandgap
wavelength. Electron-hole pairs are only generated in the focal
region of the laser beam, where the optical field intensity is high
enough to stimulate the absorption of two photons
simultaneously. This enables backside irradiation, thus
addressing the problem of metal over-layers.

This work was supported by the Defense Threat Reduction Agency
through its fundamental research program.

K. Ni, A. L. Sternberg, E. X. Zhang, R. Jiang, R. D. Schrimpf, R. A. Reed,
D. M. Fleetwood, and M. L. Alles are with the Department of Electrical
Engineering and Computer Science, Vanderbilt University, Nashville, TN
37235 USA (e-mail: kai.ni@vanderbilt.edu).

J. A. Kozub is with the Department of Physics, Vanderbilt University,
Nashville, TN USA.

J. Lin, A. Vardi, and J. A. del Alamo are with Microsystems Technology
Laboratories, Massachusetts Institute of Technology, Cambridge, MA 02139,
USA.

Typically, the TPA laser wavelength is set to be around 1260
nm, at which the photon energy is slightly smaller than the Si
bandgap. However, with CMOS scaling continuing to sub-10
nm nodes, high mobility channel materials, such as InGaAs/Ge,
are likely to be introduced [5], [6]. The integration of these new
materials will also necessitate other relevant materials, creating
a multi-layer structure. There are multiple bandgaps in these
advanced devices compared with Si. Therefore, a single laser
wavelength tuned for Si is not optimal for these new materials.
Charge generation at a wavelength of 1260 nm will lead to
mixed SPA and TPA in different layers, depending on material
bandgaps, such as shown in [7], [8], [9]. In studying the charge
collection mechanisms in these multi-layer structure devices, it
is both necessary and difficult to identify the roles of different
layers. Thus a laser with tunable wavelength is helpful to inject
charge into a specific layer only, e.g., the channel layer.

Time-resolved measurements are usually conducted with
digital sampling oscilloscopes. For fast transients or fast edges
characterization, it is desirable to have enough time resolution
to resolve ultrafast signals. The highest bandwidth oscilloscope
reported is a 70 GHz superconducting sampling oscilloscope,
which has sub-10 ps resolution [10]. However, this oscilloscope
needs additional cooling and can only capture limited time
window transients, so it is not practical for most testing. Almost
all the other transient capture experiments that have been
reported are conducted with oscilloscopes with bandwidths less
than or approximately equal to 20 GHz [7], [8], [9], [11]. These
have limited capability to resolve fast transient signals.

In this paper, we describe a tunable wavelength laser system
that can inject charge into a specific layer in the device and
capture transients with a 36 GHz bandwidth oscilloscope. We
show that these new capabilities lead to enhanced insight into
charge collection mechanisms in advanced devices.

Il. DEVICE DESCRIPTIONS

Two types of devices are tested, as shown in Fig. 1 (a) and
(b), respectively. The first is a planar InGaAs quantum-well
MOSFET. The detailed fabrication process is described in [12].
A 0.4 um thick Ings2Alg 4gAs buffer layer is grown on a 600 um
thick semi-insulating InP substrate. A 5 nm thick IngGag3As
channel is grown on top of the buffer layer. A silicon delta
doping layer (n-type) in the buffer just below the channel is
used to enhance the channel electron density. 2.5 nm of HfO;
as gate dielectric is deposited by atomic layer deposition
directly on top of the channel. The planar device was tested to
compare the old limited bandwidth transient capture system
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with the new higher bandwidth system. The tested device has a
gate length of 100 nm and gate width of 10 um.

The other type of device is a double-gate InGaAs FinFET.
The detailed fabrication process is presented in [13]. A 40 nm
thick Inos3Gag47As channel is grown on top of a 0.4 um
Inos52Alo48As buffer. The fin width and height are 20 hm and
220 nm, respectively. The tested device has a gate length of 50
nm. The FinFET device was tested with a pulsed-laser at
different wavelengths. For transient capture, all the devices are
mounted in custom-milled metal packages with microstrip
transmission lines and Precision 2.92 mm K connectors [7], [8].

Fig. 1. Schematic diagram of (a) planar InGaAs quantum-well MOSFET and
(b) InGaAs FinFET.

I1l. EXPERIMENTAL SETUP

Pulsed-laser testing experiments were performed at
Vanderbilt University. The laser system setup is shown
schematically in Fig. 2 [14]. It utilizes a titanium-sapphire
(Ti/S) pumped Optical Parametric Generator (OPG). The OPG
is pumped at 1 kHz repetition rate with 1 mJ, 150 fs pulses
centered at 800 nm from a chirped-pulse amplifier. The
amplifier is seeded with a passively mode-locked Ti/S
oscillator. The OPG uses non-linear parametric frequency
conversion in a Beta Barium Borate (BBO) crystal to generate
and amplify signal and idler wavelengths that are continuously
tunable from ~1200 nm to ~2400 nm. Using harmonic, sum,
and difference frequency-generating crystals outside the OPG,
wavelengths from ~200 nm to ~10 um can be generated with
average pulse energies varying from 1pJ/pulse to 100pJ/pulse,
depending on the wavelength. A prism is used to isolate the
desired wavelength from the output of the laser system. Optics
currently installed on the beam line allow for component testing
at wavelengths from 300 nm to 2600 nm.

The selected wavelength is spatially filtered and variably
attenuated using holographic wire-grid polarizers before
reaching the test bench. The laser beam passes through a series
of beam splitters before reaching the target. The first beam

splitter diverts a fraction of the beam to a calibrated
photodetector. Each pulse from the detector is captured and
measured individually. Another beam splitter couples a
broadband near-IR light source onto the beam axis for
illuminating the target, and a third sends light reflected from the
target to an IR camera for imaging and positioning of the laser
spot. Finally, the laser is focused through the back-side of the
target using either a 50X or 100X microscope objective
mounted to a customized high-precision z-stage used to change
the depth at which the laser focuses inside the die.

The laser wavelengths used in this experiment are 1260 nm
and 2200 nm. The photon energy and carrier generation
mechanism are listed in Table | for different materials in the
device. For a wavelength of 1260 nm, charge will be generated
in all the semiconductor materials, either through SPA or TPA.
In contrast, for a wavelength of 2200 nm, charge can only be
generated in the Ings3Gao47As channel. No charge will be
generated in the Ings2Alo.48As or InP, since the photon energy is
less than half of the material bandgap so that neither SPA nor
TPA can take place. Therefore, charge can be generated in a
specific layer, allowing the response of that specific layer to be
isolated from all the surrounding layers.

The transients were captured using a Tektronix TDS6124C
oscilloscope with 12 GHz front-end bandwidth and 20 GS/s
sampling rate and a Teledyne Lecroy LabMaster 10-36Zi-A
oscilloscope with 36 GHz front-end bandwidth and 80 GS/s
sampling rate. During these tests, the source was grounded, the
drain bias was 0.5 V, and the gate bias was varied. A
semiconductor parameter analyzer, HP 4156B, supplied the dc
biases through Picosecond Model 5542 bias tees with 50 GHz
bandwidth.

TABLE |
MATERIALS PARAMETERS AND CARRIER GENERATION MECHANISM AT TWO
DIFFERENT WAVELENGTH

; A=1260 nm A=2200 nm
Material Bandgap (E=0.98 eV) (E=056 eV)
|n0‘53Gao.47AS 0.75 eV SPA/TPA TPA
|n0_52A|0_48AS 1.46 eV TPA NONE
InP 1.35eV TPA NONE

(For materials where both SPA and TPA happen, the dominant mechanism is
marked as bold.)

IV. RESULTS AND DISCUSSIONS

Charge collection mechanisms in planar InGaAs quantum-
well MOSFET have been discussed in [7]. Here we compare
the transients captured by the two different oscilloscopes
irradiated by a 1260 nm laser. Fig. 3 (a) and (b) show the
transients captured by the TDS6124C and LabMaster 10-36Zi-
A oscilloscopes, respectively. The rise time of the transients is
very short, on the order of 100 ps. As a result, only a single data
point is recorded on the rising edge for the TDS6124C
oscilloscope, which has 50 ps resolution. It is hard to predict the
rising edge shape based on such limited data points. However,
for the LabMaster 10-36Zi-A oscilloscope, the time resolution
is 12.5 ps, which is short enough to resolve the rising edge. By
fitting the rising edge with an exponential, the rise time constant
is estimated to be around 39 ps. This illustrates both the benefit



Laser Source M1

D XY-stage
Controller

M3

(16) Z-stage
Controller

M4

Black Box

1
Y% Waveplate o

Polarizer

®
%cusing

DuT
Objective
.

.

~ h
———iy

Si Window

D@ @ XY-stages

Light Source

Fig. 2. A simplified block diagram of TPA test setup (after [14]).

and the need to use a higher bandwidth system to characterize
fast signals with more accuracy and precision
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Fig. 3. Typical transients captured by (a) Tektronix TDS6124C oscilloscope
and (b) Teledyne Lecroy LabMaster 10-36Zi-A oscilloscope. The strike point
locates at the center of the device, on top of the gate. The laser wavelength used
is 1260 nm. Peak currents differ as a result of different laser energies.

Another feature of the transients shown in Fig. 3(b) is the
oscillation signal appearing in the transients. The period of
oscillation is 0.2 ns. There are many possible reasons for this
oscillation, including impedance mismatch and extrinsic RLC
oscillation associated with bond wires [15]. Since the bond wire
used for this device is relatively long, a few mm, here it is likely
related to RLC oscillation [15].

Charge collection in InGaAs FinFET devices is compared
with two different wavelengths, 1260 nm and 2200 nm, in Fig.
4(a) and (b). Two typical transients are shown, for a device
biased in the ON state. The rising edge is well resolved and the
relevant time constant is about 40 ps, similar to the planar
device. The oscillation is still present in the gate transients, with

a period of 0.15 ns. This likely results from the shorter bond
wires used in the FinFET, as compared with the planar device.
One big difference between the two wavelengths is the transient
shape. The transient fall times are faster at a wavelength of 2200
nm than at 1260 nm. The time constants obtained by fitting the
transients with double exponentials at 2200 nm, 0.14 ns and
0.66 ns, are less than half of those at 1260 nm, 0.28 ns and 1.50
ns. This is probably because charges are only generated in the

channel at 2200 nm, so they can qwckly get collected.
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Fig. 4. Typical transients captured by Teledyne Lecroy LabMaster 10-36Zi-A
oscilloscope at (a) A=1260 nm and (b) A=2200 nm at V-V14+=0.8 V.

Another mechanism that the tunable wavelength laser can
illustrate clearly is the observed long transient tail when a
device is biased in the ON state [16]. It is ascribed to the carrier
trapping and subsequent thermal release in the deep traps in the
buffer and substrate. The tail usually lasts on the order of us or
ms, corresponding to the trap time constant. If charges are only



generated in the channel, then the effect of buffer and substrate
can be minimized.

Fig. 5 (a) and (b) show the same drain transients as Fig. 4 (a)
and (b), but with a time window of 200 ns at wavelengths of
1260 nm and 2200 nm. In both cases, long tails are observed,
although the magnitudes are small. The smaller magnitude for
the FINFET compared with the planar transistor [16] is due to
its small fin width, which leads to reduced effects of the buffer
and substrate layers on the active region. The long tails
observed for both wavelengths suggests that the deep traps in
the buffer and substrate are not the only sources that cause the
long tails. They do make a contribution, however, since the tail
current at 2200 nm, 16 pA, is approximately one half that at
1260 nm, 33 pA. Therefore, tunable wavelength laser
irradiation provides a method to distinguish the channel

response from that of other layers.
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Fig. 5. Typical drain transients captured by Teledyne Lecroy LabMaster 10-

36Zi-A oscilloscope at (a) A=1260 nm and (b) A=2200 nm at Vs-V14=0.8 V.
The time window is 200 ns.

V. CONCLUSIONS

In this paper, a tunable wavelength laser system and high
resolution transient capture system are introduced for high
mobility MOSFETs. With high time resolution, transient
features, such as fast edges and oscillations, are well resolved.
The tunable wavelength laser provides a method to generate
charge only in a specific layer, usually the channel layer, since
the lowest bandgap typically occurs in the channel of high
mobility MOSFETSs. This enables the response of the channel
layer to be distinguished from that of the surrounding layers,
providing a valuable tool to understand charge collection
mechanisms in advanced devices.
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