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I. EXECUTIVE SUMMARY

The main objective of the RadCNT program was the characterization of fundamental
mechanisms and charge transport phenomena governing the interactions between
ionizing and non-ionizing radiation with carbon-based (nanotube and graphene) field-
effect transistors (FETs) devices and integrated circuits (ICs). This effort was supported
through the fabrication of aligned single-walled carbon nanotubes (SWCNT) FETs at the
University of Southern California’s (USC) Nanotechnology Research Laboratory and
through the collaboration with the Naval Research Laboratories (NRL) for radiation
testing and expertise in radiation effects characterization.

The RadCNT program concentrated on understanding total ionizing dose (TID) effects
on SWCNT and graphene FETs. Several TID experiments with SWCNT and graphene
FETs with various gate configurations, dielectric materials and geometries were
performed as part of this effort. Well-known mechanisms of radiation-induced
degradation in FETs such as oxide charge buildup were confirmed in SWCNT and
graphene FETs through in situ measurements following radiation exposure. The effects of
ionizing radiation on charge-injection mechanisms that cause gate hysteresis in carbon-
based electronics were also investigated in this work and demonstrated experimentally
for the first time in aligned SWCNT FETs. Recent advances in the fabrication of aligned
SWCNT and graphene FETs allowed characterizing electronic transport degradation due
to Coulomb scattering from radiation-induced trapped charges near the dielectric
interface. Technology computer aided design (TCAD) and physics-based models for
describing the electrical properties and radiation response of carbon-based electronics
were developed as part of continuing RadCNT effort.

Il. RECENT ACCOMPLISHMENTS

A brief description of the accomplishments in the RadCNT program is given here
whereas a comprehensive technical description the test structures, experimental setup and
procedures and data analysis is provided in section III.

A. Total lonizing Dose effects in Aligned SWCNT FETs

Total ionizing dose (TID) experiments were performed in view of initial investigations
in carbon-based electronics devices (both SWCNT and graphene FETs) that reported a
strong dependence of the radiation response on the experimental environment [1-5].
These experiments consisted of Co-60 gamma ray irradiation of aligned single-walled
carbon nanotube (SWCNT) field effect transistors (FETs) fabricated with 30 nm Al,O3
gate dielectrics and individual back gate electrodes [6]. Results indicate net positive
voltage shifts in the transfer (/;Vg) characteristics of FETs fabricated without a
passivation layer masking the surface of the device (i.e., having the SWCNTs exposed to
the testing environment). The measured shifts are attributed to contaminants that alter the
condition at the surface of the device resulting in an effective p-type doping of the
nanotubes. These results are consistent with previous investigations where molecular
adsorption at the surface of the SWCNTSs and/or at the SiO, surface near the CNTs results
in electron traps that can modulate the nanotube carrier density when irradiated in air [1].
On the other hand, devices fabricated with a passivation layer (i.e., I um thick coating of



3612 photoresist) resulted in net negative voltage shifts characteristic of positive charge
trapping in the oxide near the SWCNT/oxide interface [6].

In spite of recent advances in the fabrication and performance of SWCNT FETs, the
existence of substantial gate hysteresis in the transfer characteristics has continued to be a
significant limitation for the development of carbon-based electronics and for the analysis
of their electrical properties [7-13]. To overcome these limitations we have thoroughly
investigated the physical mechanisms, characterization techniques and the radiation
response of gate hysteresis in aligned SWCNT FETs [13]. Based on this investigation,
pulsed and standard (i.e., non-pulsed) /,;-V,, measurement techniques were developed for
analyzing the combined effects of hysteresis and radiation-induced degradation. These
measurements support a dynamic screening model based on charge injection mechanisms
for describing gate hysteresis. The impact of ionizing radiation on charge injection
mechanisms was established experimentally through in situ measurements of SWCNT
FETs performed under static vacuum. Extractions of hysteresis width (%) indicated an
increase of more than 20 % after 1 Mrad(SiO;) of TID exposure for worst-case
conditions. This increase in 4 indicates a larger contribution from charge injection
mechanisms as a function of ionizing radiation exposure. TCAD simulations were used to
investigate the combined effect of hysteresis and radiation-induced degradation and to
demonstrate its dependence on trap density, carrier lifetime and energy distribution. The
measurements of hysteresis as a function of increasing radiation exposure and gate
voltage (V,) sweep range reveal non-uniform buildup in the energy distribution of
trapping centers near the SWCNT/dielectric interface. The results are consistent with
extensive studies on classical bulk semiconductor/oxide interfaces (e.g., in the Si/SiO;
system). As we discuss in [14], the analysis is supported with self-consistent calculations
of surface potential and carrier densities in the SWCNTs and generation-recombination
statistics at the radiation-induced trapping centers. Calculations of surface potential and
carrier densities incorporate the SWCNT band structure, density of states and quantum
capacitance allowing investigating the dependence of charge injection mechanisms on
SWCNT diameter and chirality. Additionally, the mitigation of gate hysteresis is
investigated using novel SWCNT device configurations and processing steps as part of
the RadCNT program. The techniques for hysteresis mitigation are further described in
subsection C.

As summarized above, the extrinsic effects of ionizing radiation exposure on aligned
SWCNT FETs (i.e., voltage shifts and increased gate hysteresis) have been demonstrated
through measurements of degraded (/;-V,s) characteristics. Furthermore, extractions of
drain conductance and carrier mobility degradation as a function of TID have determined
the effects on the transport properties of carbon-based electronics [15]. In [16] we present
an approach for describing the impact of radiation-induced defects on the transport
properties of carbon-based nanoscale transistors that operate near the ballistic limit. This
approach accounts for increased scattering due to the formation of structural defects in
the channel of the transistor caused by energetic particle radiation and/or charged
impurities that result from ionizing radiation effects in oxide regions near the channel.

B. Total lonizing Dose effects in Graphene FETs

TID experiments on graphene FETs were also performed as part of the RadCNT
program. Graphene FETs fabricated by chemical vapor deposition (CVD) and transferred
onto trimethylsiloxy (TMS)-passivated SiO,Si substrates [17] and epitaxial graphene on



6H-SiC substrates (via Si sublimation) [18] had similar TID responses. In both cases
radiation exposure resulted in positive oxide trapped charges near the graphene/oxide
interface as manifested by negative voltage shifts in the /;-V,, characteristics, degradation
of carrier mobilities and increased minimum conductivity. A semi-empirical approach for
modeling the radiation-induced degradation effective carrier mobility in graphene FETs
was also developed as part of this effort [19]. The modeling approach describes Coulomb
and short-range scattering based on calculations of charge and electric field that
incorporate radiation-induced oxide trapped charges. The model can correctly describe
the transition of the dominant scattering mechanism as a function of effective vertical
field and oxide trapped charge density. The proposed modeling approach was verified
with experimental data from Co-60 irradiation of graphene FETs resulting in excellent
qualitative agreement [19].

The procedures, analysis techniques and modeling approach developed in the RadCNT
program for studying the effects of radiation-induced oxide trapped charges on the
transport properties of graphene FETs can be extended to graphene transport on other
dielectric materials. These methods potentially provide a means for systematically
studying the properties of the interface between carbon nanomaterials (e.g., graphene,
SWCNT) and the substrate (e.g., oxides) [15].

C. Technology Development and Device Optimization

Significant progress has been made during the past three years at USC’s
Nanotechnology Research Laboratory to address serious impediments for the reliable
implementation of SWCNT-based electronics particularly in the assembly and purity of
the synthesized CNTs. For instance, a combined synthesis process of aligned nanotubes
and stacked transfer technology has been developed to achieve a density of 60 CNTs/um,
which can provide electrical performance better than state-of-art Si transistors [20]. In
addition, to address the problem of coexistence of metallic and semiconducting
nanotubes, synthesis of predominantly semiconducting nanotubes (~90%) by using
isopropanol alcohol as the feedstock has been demonstrated [21]. Further control of the
chirality of synthesized nanotubes, and therefore the percentage of semiconducting tubes,
has been obtained using pre-separated chirality-pure carbon nanotubes as seeds for
“nanotube cloning” based synthesis [22]. Moreover, the fabrication of hysteresis-free,
self-aligned “T-gate” SWCNT FETs with ultra-thin Al,O; gate dielectrics has been
achieved recently resulting in superior performance and quasi-ballistic regime operation
[23].

As mentioned previously, the prominent gate hysteresis effect has been a serious
impediment for the implementation of carbon-based electronics as well as for the study of
the electronic properties, performance and radiation response as a result of the associated
threshold voltage instability. The recent progress in hysteresis mitigation obtained by
utilizing self-aligned T-gate structures and ultra thin gate oxides is therefore significant
not only for the technological advancement of carbon-based electronics but also for
allowing a comprehensive and accurate evaluation of the radiation effects on the
electrical performance of SWCNT and graphene FETs. The self-aligned processing of the
aforementioned T-gate structures provides complete isolation of the SWCNTSs and allows
utilizing a thin gate dielectric with improved interface quality resulting in negligible
hysteresis.

N-type SWCNT FETs were achieved using low workfunction metals such as Gd as



source/drain contacts enabling the fabrication of complementary (i.e., CMOS) logic
circuits [24]. The recent progress in fabrication and the unique channel characteristics
and gate topology of the aligned SWCNT FETs makes them ideal research vehicles for
the basic investigation of radiation effects in SWCNT-based technology.

L. TEST STRUCTURES AND EXPERIMENTAL SETUP

This section provides a brief description of the fabrication steps of the aligned SWCNT
and graphene FET test structures used for the radiation studies in the RadCNT program.
Shown in Fig. 1 is an illustration of the full wafer processing of aligned nanotubes
(including synthesis and transfer) and device fabrication [24]. Wafer-scale synthesis of
aligned SWCNT in quartz substrates is accomplished through a meticulous temperature
control during the growth process (Fig. 1a). As illustrated in Figs. 1b-1d, a facile transfer
method based on depositing a thin gold film (~ 100 nm) and using thermal tape peel-off
allows transferring the CNT into the target substrate (e.g., Si/SiO2 substrate). Removing
the gold film using gold etchant results in an array of massively aligned SWCNTSs on the
target substrate (Fig. le). Device fabrication follows standard silicon CMOS technology
such as projection photolithography, metal patterning and dielectric deposition (Fig. 1f).
This process flow can result in common back-gated and/or individually top-gated
SWCNT FET test structures. Alternatively, patterning gate electrodes and depositing a
gate dielectric layer prior to the transferring the SWCNTs yields individually back-gated
aligned SWCNT FETs with high-x dielectrics (e.g., HfO,, Al,Os3, etc.) [2]. Shown in Fig.
2 are schematic diagrams of two SWCNT FET test structure configurations used in the
RadCNT program.

Shown in Fig. 3a is the irradiation vessel used for in situ measurements and TID
exposure at the naval research laboratories (NRL). The irradiation vessel allows the
required connections for electrical characterization of the SWCNT FETs and for biasing
during radiation exposure. Irradiation and measurements can be done in air, with flowing
ultra high purity (UHP) N, or under static vacuum. TID experiments conducted at NRL
consisted in step-stress Co-60 gamma ray irradiation up to various total dose levels.
Shown in Fig. 3b is the Co-60 irradiation facility at NRL. The irradiation facility is
comprised of a 25000 Ci Co-60 source house at the bottom of a 10 ft. pool. The
irradiation vessel (Fig. 3a) is lowered into the Co-60 source while using a plastic snorkel
to make electrical connections to a Keithley 4200-SCS parameter analyzer. The dose rate
was approximately 990 rad(Si)/s for all the experiments discussed here unless otherwise
stated.
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Fig. 1. (a) Schematic diagram and photograph of full wafer synthesis of aligned nanotubes on a 4
in. quartz wafer, (b) gold film deposition, (c) peeling off the gold film with nanotubes, (d) transfer
of the gold film with the nanotubes onto a Si/SiO2 substrate, (e) etching away the gold film and (f)
device fabrication on the transferred nanotube arrays.
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Fig. 2. Schematic diagrams of SWCTN FET test structures used in the RadCNT program. (a)
Individually back-gated aligned SWCNT FET with high-k gate dielectric. (b) Common back-gated
aligned SWCNT FET with SiO, gate dielectric.

Fig. 3. Irradiation vessel used as the vacuum chamber and (b) irradiation chamber in the Co-60
pool at NRL.




IV.RESULTS

A. Experimental Environment (Aligned SWCNT FETs)

A summary of results from TID experiments on SWCNT and graphene FETs is given
in this section. The results shown in this section of the report consist of reduced data
obtained from analysis and/or extractions based on the degraded /-V characteristics of the
transistor test structures following radiation exposure. Preliminary experiments consisted
of in situ characterization of the total dose response of individually back-gated aligned
SWCNT FETs with 30 nm Al,Os3 gate dielectrics (see Fig. 2a). These experiments were
performed for devices with and without a passivation layer that shield the CNTs to the
experimental ambient conditions. The purpose of these experiments was to confirm the
results observed in random network (RN)-based CNT FETs where devices irradiated in
air and under vacuum resulted in opposite shifts in the /-}" characteristics [1]. Indeed, the
threshold voltage shifts (AV;;) shown in Fig. 4a increase negatively as a function of TID
for the passivated devices (consistent with positive charge trapping in the oxide), but are
net positive for the unpassivated ones [6]. The positive AV observed for the
unpassivated devices has been attributed to p-type doping caused by water and oxygen
adsorption at the surface of the SWCNTSs or by electron traps bound to silanol groups at
the Si0O; surface near the CNTs. Additionally, as shown in Fig. 4b, the measured effects
of ionizing radiation on carrier mobility (i.e., peak field effect mobility) is opposite for
devices with and without passivation.
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Fig. 4. Comparison of (a) radiation-induced threshold voltage shifts (AV};) and (b) mobility
degradation plotted as a function of TID for passivated and unpassivated SWCNT FETs

B. TID and Gate Hysteresis (Aligned SWCNT FETs)

Electrical characterization from the preliminary experiments revealed significant gate
hysteresis in the transfer characteristics of the aligned SWCNT FETs. In many recent
studies it has been assumed that the mechanisms causing gate hysteresis are not affected
by ionizing radiation and can be investigated independently. An important aspect of the
RadCNT program has been to identify these mechanisms and study their radiation
response. Charge injection from the CNTs to the CNT/oxide interface has been identified
as a significant contributor to gate hysteresis. As part of this effort we have
experimentally demonstrated and analyzed the dependence of charge-injection
mechanisms to ionizing radiation. We experimentally verified charge injection via near-
interfacial donor- and acceptor-like traps through measurements of hysteresis in dual Vg
sweeps as a function of the sweep range (Vgmqa). In these experiments the forward sweep



ranged from —Vgpax t0 Vgmar and the reverse sweep from Vpax t0 —Vgmax Where Ve = 2,
4, 6, 8 and 10 V. Shown in Fig. 5a are the obtained drain current (/;) vs. gate-to-source
voltage (V) characteristics for a SWCNT FET with W' =200 um, L =2 um and using Vy;,
= —0.1 V. The inset in Fig. 5a plots the relationship between V.. and the hysteresis
width (4) defined as the difference in V, at I; = I, for the reverse and forward V, sweeps.
For the measurements shown here 7, = 100 pA (e.g., the red arrow in Fig. 5a shows the
extraction of 4 for Ve = 6 V). The results in Fig. 5 show an increase in # with Vg
attributed larger carrier densities in the SWCNTs contributing to charge injection
resulting in accumulation of trapped charges. Additionally, negative voltage shifts in the
forward sweep and positive voltage shifts in the reverse sweep with increasing Vp.x are
indicative of charge contribution from both donor-like and acceptor-like traps. Donor-like
traps are positively charged when ionized (empty) and acceptor-like traps are negatively
charged when ionized (occupied).

Fig. 5b plots the /;-Vg, characteristics as a function of total ionizing dose (TID) for a
fixed sweep range of Vg = 8 V. In addition to increased 4, the results reveal a reduction
in transconductance consistent with mobility degradation as a function of TID. At every
dose level the hysteresis width £ is extracted from the forward and reverse V, sweeps for
increasing Vgnq.. Fig. 6a plots £ as a function of V.. for increasing levels of TID. The
relationship between / and Vg, depends on the energy distribution of the trapping
centers since the ionization probability for traps with energy levels closer to the band
edges increases with Vg, In other words, V. modulates the energy levels that area
accessible for trapping. Therefore, the relationship between 2 and V., for increasing
TID provides a way to characterize the energy distribution of the radiation-induced trap
buildup. Fig. 6b plots the change in 4 (i.e., Ah = h — hy where hy 1s the hysteresis width
prior to irradiation) as a function of total ionizing dose (TID) and for increasing Vemqx.
These results indicate an increase in 4 with TID that is more significant for larger Veqx.
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Fig. 5. (a) Drain current (/;) vs. gate-to-source voltage (V) characteristics for a SWCNT FET with W =
200 [m, L =2 Um and using Vy =—0.1 V and increasing the gate-voltage sweep range (Vguq). The inset
plots the relationship between Vg, and the hysteresis width (%) [13]. (b) I,-V,, characteristics as a function
of TID for fixed Ve [13].



(@) (b)

10 : 25 :
—— 0 krad(SiO,) —+ Vepar =2V
—— 50 P S0 —A—
8 _a— 100 3 e
—— 200 -
_6f —= 500 15—
= —— 1000 2
= g 1.0r
0.5t
— s
2 4 6 8 10 10% 10’
Vomax (V) TID [krad(SiO,)]

gmax

Fig. 6. (a) Hysteresis width (%) plotted as a function of Vg, for increasing levels of total ionizing dose
(TID) [13]. (b) Change in /4 (i.e., Ah = h — hy) as a function of total ionizing dose (TID) and for increasing

Vemax [13].

As described in [14], the effects of charge injection on gate hysteresis can be described
by the generation-recombination of carriers in the nanotube array via the interaction with
near-interfacial traps in the gate dielectric. Self-consistent calculations of surface-
potential, carrier density and trapped charge are used to describe hysteresis as a function
of ionizing radiation exposure. The calculations demonstrate the relationship between
hysteresis width and trap density resulting in a stronger dependence on V.. for non-
uniform Dy energy distributions. Good agreement between theory and experimental data
is obtained with a “U-shaped” non-uniform energy distribution of Dy located within 15
nm from the SWCNT/SiO; interface. Shown in Fig. 7a is the simulated non-uniform
distribution of interface traps and the buildup as a function of total ionizing dose.
Calculations of hysteresis width as a function of V., for the simulated D7 are shown in
Fig. 7b. Finally, the comparison with experimental data is given for the increase in
hysteresis width (A4) as a function of TID for various values of Vg in Fig. 7c with
good qualitative agreement.
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Figure 7. (a) Simulated non-uniform Dy distributions increasing with total ionizing dose (TID) [14]. (b)
Model calculations of hysteresis width as a function of V,,,, for increasing TID [14]. (c) Comparison of
simulated and measured increase in hysteresis width (/%) as a function of TID and Vj,,,,. Model calculations
are for a (13,0) zigzag SWCNT in an array with density of 1 nanotube/um and ¢, = 50 nm [14].



C. Oxide Trapped Charges (Aligned SWCNT FETs)

The effects of radiation-induced oxide trapped charges in aligned SWCNT FETs are
investigated as part of the RadCNT program. Shown in Figs. 8a and 8b are the 1V, and
1;-Vys curves for a back-gated aligned SWCNT FET and for increasing TID [25]. These
measurements were obtained following step-stress Co-60 irradiations under static
vacuum. The results in Figs. 8a and 8b reveal voltage shifts that are consistent with hole
trapping near the CNTs/oxide interface. Extractions of drain conductance (g, = 0l;,/0V ;)

are obtained from the /;-V,; characteristics in Fig. 8b and plotted in Fig. 9a as a function
of |V for increasing TID and for a constant V', = — 5 V. The results in Fig. 9a indicate a
reduction in gy as a function of TID consistent with increased scattering from charged
impurities (i.e., oxide trapped charges) that limits mobility for low values of carrier
charge density (Q.). Drain conductance is directly proportional to the effective carrier
mobility, i.e., ey = (gasL)/(WQ,), for FETs operating in the linear region. The results in
Fig. 9a do not consider the discrepancies in Q. that result from radiation-induced
threshold shifts in the /-V characteristics. Therefore, a better characterization of increased
scattering and its radiation response is obtained by plotting the low V; drain conductance
(gas0) as a function of Vg — Vi, (Where O, o< Vg — Vi) as shown in Fig. 9b. For the results
in Fig. 9b, Vy; is calculated from the shifts in I~V characteristics plotted in Fig. 8a. The
results in Fig. 9b demonstrate the degradation of gy as consistent with increased
Coulomb scattering by radiation-induced trapped charges [25].

The results in Fig. 9b do not reveal a strong dependence of the radiation response on
O,. In other words, the reduction in gz as a function of TID appears comparable for all
values of Vg — V. This could indicate that for the results in Fig. 9b, the transition from
Coulomb scattering limited mobility to other mechanisms is not occurring for the shown
voltages, or that ionizing radiation also enhances the scattering mechanisms at large Q,
(e.g., surface roughness). However, a better experimental extraction of Q, is required to
obtain g,y and confirm these observations since using Vj, extracted from Fig. 6a to
estimate O, could be introducing additional discrepancies.
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Fig. 8. (a) Transfer characteristics of a p-type aligned SWCNT back-gated FET for increasing total
dose exposure from 0 to 500 krad(SiO,) and for V; = 0.1 V [25]. (b) Output characteristics for
increasing total dose exposure from 0 to 500 krad(SiO,) and for Ve =—5.0 V. W =200 um, L =2
um, z,, = 50 nm (Si0,), CNT density is ~ 1 — 2 per um of channel width [25].
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Fig. 9. (a) Drain conductance (g, = 01,/0V ) plotted as a function of ¥V for increasing total dose
exposure from 0 to 500 krad(SiO,) and for Vy = — 5.0 V [25]. (b) Low-field drain conductance
(gaso = 01410V 45 for Vg — 0) plotted as a function of V,, — Vy, for increasing total dose exposure
from 0 to 500 krad(SiO,) where V,, is extracted from the transfer characteristics in Fig. 8a. W =
200 pm, L =2 pm, t,, = 50 nm (SiO;), CNT density is ~ 1 — 2 per um of channel width [25].

D. TID Effects (Graphene FETs)

As part of the RadCNT effort, top-gated graphene FETs (GFETs) fabricated with
epitaxial graphene layers grown on Si-face 6H-SiC substrates via Si sublimation were
used to investigate TID effects. The top-gated GFETs were fabricated using Ti/Pt/Au
source and drain contacts as well as Ti/Pt/Au metal gates over a 35 nm SiO, dielectric
layer deposited via electron beam evaporation [26]. Two-finger GFET structures with 3
um gate lengths (L) and various gate widths () were selected for total dose experiments.
Electrical characterization was performed following step-stress irradiations up to a total
dose of 1000 krad(Si). The characterization consisted of measuring the output
characteristics (i.e., 1;-Vy4) and the transfer characteristics (i.e., 1-Vy). Shown in Fig. 10a
are the -V, characteristics measured using Vg = 1 V. The measurements in Fig. 10a
reveal negative shifts in the /-V characteristics as well as an increase in the minimum
drain current (/zmiy) as a function of TID. These results indicate a buildup of N,, near the
Si0O,/graphene layer interface shifting the minimum conductivity gate voltage (i.e., the
Dirac voltage Vpi.c) negatively as well as increasing the minimum conductivity ().
The rise in o, results from increased graphene channel intrinsic charge density (g,,,) and
varies with N,,. Shown in Fig. 10b are the /;- V4 characteristics for Vg =0V, -1 V and -2
V measured at the same dose levels as show in Fig. 10a. The measurements in Fig. 10b
indicate an increase in /; as a function of total dose for all values of Vy,, consistent with
the I;- Vg response.

The radiation-induced degradation of carrier mobility is determined through
calculations of y; as a function of the effective vertical field (E.p). In this case, Egy is
approximated as E.p= Qqc/&x, Where Oy 1s the graphene channel charge density given by
Ogc = Cox(Vgs — Vpirac) + qim. Here, gin; 1s the graphene channel intrinsic charge density
that results from charge inhomogeneity in the graphene layer typically described as
electron-hole puddles that arise from the random charged impurity potential fluctuations
and contribute to the non-zero minimum conductivity at the Dirac point [27-30]. Shown
in Fig. 11a is gg plotted as a function of V, for all dose levels. Calculations of . are
plotted in Fig. 11b as a function of E.yand for increasing TID. In these calculations, gy
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is estimated by o1 /urg, where upg is the peak field effect mobility and gy, is extracted
for V4= 0.1 V (Fig. 11a). The results in Fig. 11b reveal a decrease in . with increasing
total dose as can be observed at E, ~ 1 MV/cm. Deviations from the pre-irradiation
He(Eep) characteristics are due to the increased contribution of scattering mechanisms
that results from radiation-induced oxide trapped charges. The deviations from the pre-
irradiation z,(E.y) curve are expected to continue towards lower values of Egy (i.e.,
towards lower carrier densities n oc E,;) where scattering due to charged impurities is the
dominant mechanism. Other scattering mechanisms such as short-range scattering
dominate for large carrier densities (n) [27, 31] (i.e., for large E.;) and the p(Eep)
characteristics converge to a universal response. In Fig. 11b this convergence appears for
Eqp>2MV/em.

In the approach presented here, the calculations of Q,. (and E.) capture the
contribution of radiation-induced oxide trapped charges through the shifts in Vpjuc.
Therefore, this approach allows determining the radiation-induced degradation of carrier
mobility in GFET devices without ambiguities introduced by voltage shifts in the /;-V,
characteristics and the changes in o/ 1.

040 )
g0y I w=25um V=0V b
—100 =3
0351 500 pm
—500 08
— 1000
< 030 <
é £ 0.6-
3 o 3 04
0.20 0.2 et Increasing TID
10 — 1000 krad(Si)
e L T T T % o3 1 15 2 25 3
Vgs (V) Vas (V)

Fig. 10. (a) I, plotted as a function of Vg, for increasing TID up to 1000 krad(Si) for a two-finger
graphene FET with W =25 umand L =3 um, V;,=1 V and V;=0 V. (b) I, plotted as a function
of the V at increasing TID up to 1000 krad(Si) for V,=0,—1 and -2 V.
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Fig. 11. (a) Drain conductance (gy) vs. Vg for Vg = 0.1 V and for increasing dose levels up to
1000 krad(Si). (b) Effective electron mobility () vs. effective vertical field (E.;) for increasing
TID up to 1000 krad(Si). The values of s are extracted from the g, plotted in (a).
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Figure 12a shows calculations of u.y as a function of £,y for increasing N,, obtained as
described in [19] The calculations in Figure 12a correctly describe the reduction in s
with N, (i.e., peroc 1/N,) for low n and the merging with the short-range scattering
limited mobility sz (dashed lined) for large n. The increase in p. for decreasing Eq; < ~1
MV/cm has been previously reported in [31] and attributed to scatterer transparency
occurring when carrier wavelengths exceed the spacing between scatterers. In this work,
the u.y dependence to scatterer transparency in the low » limit is modeled independently
from charged impurity and short-range scattering using an empirical function. Shown in
Figure 12b are calculations of u.; compared with extractions from experimental data from
irradiated GFETs. As shown in Figure 12b, the model calculations fit the experimental
data with good qualitative agreement validating the presented approach. The modeling
approach described in [19] can be directly applied to introduce radiation-induced
degradation in GFET /-V characteristics into compact models.
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Fig. 12. Calculations of the effective electron mobility (.« ) plotted as a function of the effective
vertical field (£, for increasing values of N,. The dashed line corresponds to short-range

mobility (b) Comparison of « . extracted from data and model calculations (lines) including
scatterer transparency.
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V. FUTURE WORK

1. TID experiments using T-gate and/or aluminum top-gated SWCNT FETs with
reduced gate hysteresis.

Development of mostly semiconducting aligned SWCNT devices with
reasonable (~104) Lon/l, ratios making use of different dielectric materials,
passivation layers and processing steps to achieve significant mitigation of
gate hysteresis. The use of controlled breakdown techniques for removal of
metallic tubes and/or chirality-controlled synthesis of SWCNT to obtain the
desired 1,,/1,; ratios will also be demonstrated. TID effects will be verified
in devices with reduced gate hysteresis and high 7,/ ratios.

2. TID experiments on CMOS gates and basic circuits with aligned SWCNT FETs.

Fabrication of p-type and n-type aligned SWCNT FETs with different gate
configurations (i.e., front and/or back-gated), various gate dielectric
materials and thicknesses and different passivation layers. Development of
simple CMOS logic gates such as NAND, NOR and INV. This task will
also include pre-irradiation characterization of the test structures to
demonstrate the electrical performance, reliability and variation of the
transistors and logic gate structures

3. TCAD simulation of aligned SWCNT FET devices including radiation-induced
degradation due to oxide trapped charges.

Development of particle-based Monte Carlo simulator (Boltzmann transport
theory including Coulomb scattering from oxide trapped charges) coupled
with Poisson solver.

VI.PARTICIPATING & OTHER COLLABORATING ORGANIZATIONS
1. Naval Research Laboratory

Washington DC

Dr. Cory Cress

Materials Research Engineer
Solid State Devices Branch
cory.cress@nrl.navy.mil

TASK: Radiation testing

2. SILVACO International
San Diego, CA
Mark Maurer
Director, Government Business Div.
mark.maurer@silvaco.com

TASK: TCAD tools for CNT simulation
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3. Hughes Research Laboratory (HRL)
Jeong-Sun Moon
Project Leader
jmoon@hrl.com
TASK: Graphene FET (SiC) sample fabrication

4. University of Texas at Austin
Prof. Rodney Ruoff
r.ruoff(@mail.utexas.edu
TASK: Graphene FET (CVD) sample fabrication

iation Testing |

Fig. 10. Flow diagram of RadCNT program collaborations.

VII. IMPACT

Understanding the fundamental mechanisms of radiation interaction with carbon-based
electronics including nanotube and graphene based transistors is an important enabler for
key applications of DTRA interest. The small (molecular) size of carbon nanotubes and
graphene together with their very strong carbon-carbon covalent bonds make this
material system of interest for radiation hard applications. In addition, carbon electronics
has the potential for low power operation and highly linear amplification that are also of
key interest for critical space applications in harsh radiation environments. Graphene is of
particular interest for low power RF components including LNA’s, Mixers, etc. Carbon
electronics may also turn out to be of interest for robust operations in non-space radiation
environments such as radiation sensors, etc. High impact accomplishments of the
RadCNT program are:

e Multiple publications and talks at major radiation effects conferences including
NSREC, RADECS and GOMAC.
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VIIL.

Transferable physics-based TCAD models that can be incorporated into
commercial (e.g., SILVACO) tools for modeling TID effects of SWCNT and
graphene FETs are being developed.

Fabrication processes for SWCNT and graphene FETs with improved electrical
performance and little to no hysteresis effects are being developed.

Several sets of TID radiation data have been obtained for both SWCNT and
graphene FETs in collaboration with NRL.

PERSONNEL SUPPORTED

USC-ISI, Faculty: Prof. Michael Fritze, Prof. John Granacki
Researchers: Dr. Ivan Sanchez Esqueda, Dr. Jon Ahlbin, Dr. Younes Boulghassoul
Students: Stephanie Weeden-Wright (Student Intern)

USC-EE, Faculty: Prof. Chongwu Zhou
Students: Jialu Zhang, Yue Fu, Pyojae Kim

NRL-SSD, Researcher: Dr. Cory Cress.
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