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Project Title: Radiation Effects in High-k Gate Dielectrics on IlI-V Semiconductors

What are the major goals of the project?

The major goals are to further the fundamental understanding of mechanisms of radiation effects in
high-k gate dielectrics on IlI-V semiconductors, such as GaAs, InGaAs, InAs, GaN, AIN, and GaAIN etc. by
conducting experimental and theoretical studies; in particular, the total dose effects on the generation
mechanisms of electrically active defects in the gate dielectrics and at the interfaces that cause
radiation-induced threshold voltage shift, degraded transconductance, increased leakage current, and
decreased dielectric breakdown strength




What was accomplished under these goals?
A. Major Activities:

@)
o

Study of hole trapping in AlGaN/GaN HEMTs & MOSHEMTSs under X-ray irradiation

IETS study of generation and transformation of electron traps in AlIGaN/GaN HEMTs upon X-ray
irradiation and subsequent post-irradiation room-temperature anneal

Comparative study of radiation effects in planar and nanowire structured high-k/InGaAs
MOSFETSs

Comparative study of radiation effects in state-of-the-art planar and nanowire structured high-
k/InGaAs MOSFETSs

IETS study of generation and transformation of electron traps in AlIGaN/GaN HEMTs upon X-ray
irradiation and subsequent post-irradiation room-temperature storage.

B. Specific Objectives:

@)

Understanding of charge trapping mechanisms in AIGaN/GaN HEMTs and high-k gated
MOSHEMTS, as well as their effects on radiation hardness of the devices.

Understanding of the impact of total-dose X-ray irradiation on electron trapping and on the
reliability of AIGaN/GaN HEMT devices

Evaluation of device performance and reliability of state-of-the-art high-k/InGaAs nanowire
MOSFETSs

Understanding of the impact of nanowire dimension, device process variation, and bias condition
during x-ray irradiation on device performance and reliability of nanowire high-k/InGaAs
MOSFETSs.

Understanding of the mechanism(s) responsible for the trap energy shift during post-irradiation
room temperature storage, and corresponding effects on the long term reliability of AlIGaN/GaN
HEMT devices

C. Significant Results:

e Carried out studies of radiation effects on Au/Al>Os/ Ings3Gag.47As MOS capacitors with both
conventional electrical measurements and IETS. The IETS data not only revealed radiation-
induced generation of interface and oxide traps, but also uncovered the changes in energy and
in spatial location of the oxide traps.

e Studied the total-dose radiation effects in AlGaN/GaN MOS-HEMTs grown on Si substrates,
which primarily exhibited two separate kinds of Vi shifts under 10 keV X-ray irradiation: a
fast shift at low doses [< 3 krad(SiO,)] for devices with or without a high-k gate dielectric,
and additional charge trapping in devices with high-k gate dielectrics for doses up to at least
2 Mrad(SiO2). The fast Vi, shift is attributed to bulk hole traps in the AlGaN layers. The hole
trapping in the gate dielectric layer is a strong function of layer material, annealing
temperature, and applied radiation bias. The relatively small shifts observed in MOS-HEMTs
with HfO; layers annealed at 500 2C are especially encouraging for further development.
IETS (Inelastic Electron Tunneling Spectroscopy) measurements revealed radiation-induced
trap features, which appear to shift in energy during room-temperature storage. The
responsible mechanism is being investigated.

e Continued investigation on the impact of total-dose x-ray irradiation on electron trapping
and the reliability of AIGaN/GaN HEMT devices has pointed to the conclusion that
microstructural defective region near AlGaN/GaN interface is accountable for the formation
of a spatially broad trap band; weak bonds in this region are more susceptible to x-ray
irradiation, resulting in stronger IETS trap feature; During post-radiation room temperature
storage (when the gate is floating), electrons from 2DEG gradually fill these traps, causing



the trap energy to shift (EV4,) over a long time period, which may raise a concern of device
reliability.

Studied the Total Irradiation Dose (TID) effects on InGaAs based planer and nanowire (NW)
gate-all-around (GAA) MOSFETs. The latter have various NW thicknesses, with or without
forming gas (FG) annealing treatment during device fabrication. Our primary results can be
summarized as the following: (1) nanowire devices exhibit much smaller TID effects than
their planer counterparts; (2) the thinner the nanowire, the better the radiation hardness, in
terms of the smaller negative threshold voltage shifts (4V:n) and faster AVy, recovery during
post-irradiation room temperature storage; (3) devices which received post-metal FG
annealing during device fabrication exhibit improved radiation hardness than those without
FG treatment; (4) Bias condition during x-ray irradiation has strong impact on device
radiation hardness — negative gate bias (e.g. -0.5V below V}) always results in greater
negative threshold voltage shifts than when all the terminals are grounded. Our low
frequency (1/f) noise data suggest a strong correlation between the oxide trap density and
the degree of the x-ray induced threshold voltage shift, indicating that hole trapping at the
trap sites (both the existing and radiation generated oxide traps) is the dominating
mechanism accountable for device radiation hardness.

The aforementioned results are shown in more detail in the next session.

D. Technical Data:

Hole trapping in AIGaN/GaN HEMTs & MOS-HEMTs

As seen in both Figs. 1a & 1b, X-ray irradiation causes negative shifts of the Id-Vg curve in both samples,
indicative of net hole trapping. The major difference is that, for HEMT, the 1d-Vg shift saturates after
about 3krad of radiation, while for the MOS-HEMT the shift continues to increase up to 1Mrad of

radiation.

I (&)

Fig. 1, l4-Vg curve shifts with X-ray radiation up to 1Mrad (SiO2) for (a) a MOS-HEMT, and (b) HEMT

Our analysis indicates that the initial I4-V, shift (refer to Fig.1b) is caused by the radiation-induced holes
trapped in the AlGaN layer. Further shifts of the I4-V; observed in the MOS-HEMT (refer to Fig.1a) arise
from the holes trapped in the gate dielectric. The results of our analysis are presented in Figure 2b,



based on the device structures shown in Fig.2a. Assuming a uniform distribution, the charge centroid of
the trapped holes in AlGaN should be located at 97A (EOT) away from the gate metal (x=0) for MOS-

HEMT, and 41A (EOT) for HEMT. In Fig.2b, the red and black curves represent AV, during the initial X-ray
exposure up to 3Krad for the MOS-HEMT and the HEMT, respectively. It is found that the AV, (red) vs.

AV (black) exactly follows the ratio of 97/41 as evidenced by the nearly perfect overlapping of the black
curve & the resulting blue curve.
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Fig. 2a, MOS-HEMT & HEMT structures under study, where Fig. 2b, AV as a function of X-ray dose (or time)
the equivalent oxide thickness (EOT) of gate dielectric and for a MOS-HEMT & a HEMT up to 3Krad X-ray

AlGaN, as well as the charge centroid in the AlGaN are exposure. Vin was extracted by sampling drain
marked on the sides. current at fixed Vg

With a longer X-ray exposure, Figure 3 shows that the AVy™ t curve (blue) of the MOS-HEMT consists of
two components: (1) the initial Vi, shift caused by trapped holes in AlGaN (black) and (2) additional shift
caused by trapped holes in the gate Al,0s(red). Furthermore, AV, of either components is
approximately linearly proportional to the x-ray dose; and the capture cross sections of traps in AlGaN
seem greater than those in Al,Os, resulting in faster hole trapping in AlGaN.
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The following results suggest that one can use the saturation value of AV, as a measure of the quality &
radiation hardness of HEMT structures. As exemplified in Fig. 4, under the same radiation condition, two
HEMT structures from two different commercial venders exhibit significantly different radiation
hardness, due to an order of magnitude different trapped hole densities. Also seen in figure 4 is that



the radiation response of the AlIGaN/GaN HEMT structure grown on SiC (blue dashed line) is superior to
that grown on Si substrate.

The saturation value of AV, could also be used to evaluate the quality and effects of device processing
on the radiation responses of gate dielectrics. Figure 5 shows density of the trapped holes as a function
of X-ray dose for HfO, and Al,Os, each received 400C & 500C post-metal-anneals. Evidently, with 500C
PMA, HfO,- gated MOS-HEMT exhibits negligible AV, up to 2Mrad, indicating hole trap density less than

low-10t/cm?, while Al,03 appears to be in inferior quality with an order of magnitude higher hole trap
density.
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Fig. 4 Densities of trapped holes in AlGaN as functions of Fig. 5, Densities of trapped holes as functions of
radiation dose (time) for two HEMT structures from two radiation dose in HfO2 and Al>Os, respectively. Both

commercial venders 1 dielectrics received 400C and 500C anneals.

1. Transformation in energy and position upon post-irradation room
temperature anneal

We have studied the IETS spectra of the AlGaN/GaN HEMT structures both before and after various
doses of X-ray irradiation, as well as after room-subsequent temperature anneal. While the radiation-
induced damage for the radiation doses used in this study (<1.5 Mrad), is hardly detectable by the use of
the conventional DC-1V measurements (data not shown) , it becomes strongly evident in the IETS -the
2" derivative of the 1-V curve arising from electron tunneling through the gate barrier. The most
prominent changes in the IETS spectra after the X-ray exposure is the appearance of a large & broad
“down-up-down” feature approximately in the gate voltage range of -0.3V to -0.5 V (refer to Figs.6b &
c). It seems that a related feature can be vaguely seen in the virgin sample (refer to box in Fig.6a), but it is
much weaker and may be easily overlooked. The IETS spectra in Figs.6b&c indicate that a high density
of electron traps in the AlGaN layer is generated by X-ray irradiation, and the energy levels of these traps
are in the range (or a band) of 0.3-0.5eV above the GaN conduction band minimum.
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Fig. 6, IETS taken on a AlGaN/GaN HEMT (a) as-processed; (b) after 500Krad X-ray radiation; and (c) after
1.5Mrad radiation.. A broad “down-up-down” feature in the highlighted box indicates X-ray induced electron
trapping events in AlGaN

It is interesting to note that the centroid of the trap energy band tends to shift upwards during the post-
irradiation room temperature storage. Fig. 7 shows an example of such shift after 700 hours storage for
the sample that received 1.5Mrad X-ray irradiation. The mechanism behind such trap energy/spatial
transformation is under investigation.
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Fig. 7, Energy levels of the electron traps tend to shift upwards away from the GaN conduction band minimum. (a)
IETS collected after 1.5Mrad X-ray irradiation on an AlGaN/GaN HEMT; (b) IETS of the same device stored at
room temperature for 700 hours after X-ray exposure

IV. Hole trapping in InGaAs NW GAA MOSFETs

Schematic diagrams and channel cross section of the devices under study are shown in Figs. 8(a), (b) and
(c). Both the InGaAs NW-GAA MOSFETs and the control InGaAs planar devices have 5nm ALD Al,Os; as
the gate dielectric. Figures 9(a) and (b) show /4-V; characteristics of planar and NW GAA devices for x-ray
doses up to 1 Mrad(SiO;). Figure 10 compares radiation-induced Vi, shifts (AV:n) between these two
types of devices. Negative Vy, shifts are observed after irradiation, consistent with net hole trapping in
the Al,O3 layers; the NW GAA devices in Fig. 9(b) exhibit much smaller threshold voltage shift (AVw ~15
mV) as compared with the planar devices in Fig. 9(a) (~350 mV), likely due to enhanced gate control in
the NW GAA devices. The measured peak G, and the sub-threshold swing (SS) of both types of devices
remain almost unchanged during and after irradiation (data not shown), suggesting that 1 Mrad(SiO.)
radiation does not cause significant degradation in mobility or interface properties for both types of
devices.
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MOSFETs with all terminals grounded during irradiation
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Fig. 10, Threshold voltage shifts (AV:x) as functions of x-ray dose for a planar (black) and an NW (red) InGaAs
MOSFETSs. Both devices show negative Vi shifts indicating net hole trapping

V. Factors that affect radiation hardness of InGaAs NW GAA MOSFETs

a) NW thickness

Figure 11 shows AV as a function of x-ray dose for device A (NW thickness ~10nm) and B (NW
thickness ~20nm), respectively. Also shown in Fig. 11 are the post-irradiation AV recovery during room
temperature storage. It is clearly seen that thinner NW (device A) gives rise to smaller Vi, shift than
thicker NW (device B). Also, Vi recovers to its pre-irradiation level (i.e. AV ~ 0) shortly after room
temperature storage for device A, whereas for device B Vi recovery tends to level out after 200min room
temperture storage.
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Fig. 11, Threshold voltage shifts as functions of time duration of x-ray exposure for NW GAA InGaAs MOSFETs with
20nm (black) and 10 nm (red) channel. Also shown is AV recovery after 1Mrad of radiation at room temperature.

a)  Process variation

Figure 12 (a) compares TID effects on NW GAA MOSFETs with and without post-metal forming gas
anneal (FGA). Devices which received FGA exhibit smaller AVy, than those without FGA. 1/f nosie
measurements (Fig. 12b) indicate that for both types of devices the Sia/l4* -14 curves fit the number
fluctuation model, meaning that the current noise spectral density level is proportional to the oxide trap
density. Therefore, by comparing the level of current noise spectral density one can tell that the oxide trap
density in FGA treated device is much smaller than that in non-FGA treated device, causing fewer holes
(generated by x-ray irradiation) trapped in the oxide, resulting in less threshold voltage shift.
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Fig 12, (a) AV as functions of radiation dose of InGaAs NW MOSFETs with (red) and without (black) FGA; (b) 1/f
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b) Gate bias during x-ray irradiation

Figure 13 (a) shows AVy, as functions of radiation dose in NW GAA MOSFETs under three different gate
bias conditions (i.e. grounded, 0.5V above/below Vi, respectively). As seen, negative gate bias (0.5V
below Vi) during x-ray irradiation gives rise to noticeably larger negative AV: (Y42 mV@ 1Mrad) than
gate grounded or positively biased. Correspondingly, low-frequency (1/f) noise scan from subthreshold
to the strong inversion region indicates that radiation under negative gate bias results in 2X higher
spectral density of drain current than the case of gate grounded (refer to Fig.13). As S/l is
proportional to the oxide trap density, the 1/f measurement result may very well mean that more oxide
traps are generated during x-ray irradiation as the gate is negatively biased, thus more holes are getting
trapped in the oxide, leading to greater threshold voltage shifts.
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Fig. 13, (a) AV as functions of radiation dose for InGaAs NW GAA MOSFETs under various gate bias conditions
during radiation; (b) Low-frequency 1/f noise measurements on NW GAA MOSFETs under two different bias
conditions during radiation. Red circles represent data taken on a non-irradiated device for comparison.

VI. Sentaurus TCAD similation

In order to understand better the NW thickness dependence of the TID effect, we used Sentaurus TCAD
to simulate the inversion carrier distribution and electric field in the NW devices with NW thickness as
the variable. Figs. 14(a) and (b) show the cross-sectional views of inversion electron density distribution
in devices with 10 nm and 20 nm NW thickness, respectively. As seen in Fig.14(b), the inversion
electrons are distributed more towards the surfaces than in the center for the 20nm NW, which is quite
different from the case of 10nm NW (refer to Fig.14(a)). Such difference can be better illustrated in Fig.
15, where the cross-sectional views of the electric field for the two devices are shown. Similation of the
electric fields in the gate oxides of the two devices is underway to find out how the electric field within
the nanowire chanel would affect the electric field in the gate oxide that eventually causes varying
degrees of hole trapping.

11
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VII. IETS study of X-ray induced traps in AIGaN/GaN HEMTs and their subsequent
transformation in energy upon post-irradation room temperature storage

In our last annual report we noted that x-ray irradiation led to a prominent change in the IETS spectra of
AlGaN/GaN HEMTs — the appearance of a huge and broad “down-up-down” trap feature approximately
in the gate voltage range of -0.3V to -0.5 V. This trap feature is indicative of a high density of electron
traps generated by X-ray irradiation in the AlGaN layer, and the energy levels of these traps are in the
range (or a band) of 0.3-0.5eV above the GaN conduction band minimum. We also noted that the centroid
of this trap energy band tends to shift upwards during the post-irradiation room temperature storage. Fig.
16 shows an example of such shift after 700 hours of storage for the sample that received an initial
1.5Mrad X-ray irradiation. More interestingly, repeated x-ray exposures (independent of the x-ray dose)
on the same sample reset this trap feature back to its original energy position, and from there it started to
shift upwards again in the subsequent room temperature storage. In the past year we carried out further
investigation on the possible mechanism(s) behind such trap energy transformation.

To verify our hypothesis that the aforementioned broad “down-up-down” IETS feature is caused by
electron trapping, we performed a “stress-relaxation test” on a devicethat had shown such a huge trap
feature after 1.5Mrad of x-ray exposure. At t =0, the device was biased at Vg = -1V. We expected to see
no trap feature in the gate voltage range of -0.3V to -0.5V. Then the stress was removed (gate floating)
and a serial IETS spectrum was taken at incremental relaxation intervals. As predicted by the IETS
theory, the -1V gate bias indeed made this trap feature disappear. This means that the traps generated by
x-ray irradiation were all filled, allowing no more tunneling electrons to get trapped as the gate voltage

12



swept over such a broad trap energy range. It is interesting to watch the trap feature “growing up” once
the stress was removed due to electron de-trapping, and eventually the trap feature was able to restore to
its original shape.

As IETS is the 2™ derivative of a tunneling current—gate voltage curve, a trap feature in a shape of
“down-up-down” or a “valley followed by a peak’ should correspond to a ledge (caused by electron
trapping) in the I-V curve. We then checked/compared two I-V curves, of which one was taken
immediately after x-ray irradiation and the other after 1735 hours of post-radiation room temperature
storage. As shown in Fig. 18, there is indeed a ledge in each I-V curve, and most interestingly, the I-V
curve shifted in the direction of electron trapping after 1735 hours storage .

We then measured the time intervals required for the AV to saturate at various storage temperatures.
Fig. 19 shows that, although at higher storage temperatures AV reaches its saturation level faster, the
curve fitting results in a time constant on the order of hundreds of hours! We believe that when the gate
is floating while the device is stored in the air, the electron traps in the microstructural defective region
near the AlGaN/GaN interface start to exchange charges with the 2DEG at the AIGaN/GaN interface,
resulting in the apparent energy shift of the IETS trap feature. The charging (or electron trapping) process
takes place over a long time period, therefore may raise a serious concern over the device reliability.

wavenumber (cm1)

1613 2420 3099 4033
AV, 1

After S00Krad X-ray

700 hrs RT annealing after A

After B, sample exposed to
additional 1Mrad X-ray

IETS (a.u.)

-0.2 -0.3 -0.4
Negative Bias Voltage(V)

5
in

Fig. 16, Energy levels of the electron traps tend to shift upwards away from the GaN conduction band minimum.
(a) IETS collected after 1.5Mrad X-ray irradiation on an AIGaN/GaN HEMT; (b) IETS of the same device stored at
room temperature for 700 hours after X-ray exposure
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What opportunities for training and professional development has the project provided?

Three Ph.D students and a post-doctoral fellow have been involved in this project under the supervision
of Prof. Ma and a senior research scientist, Dr. Sharon Cui, in his laboratory. In addition to taking
required courses, students also attended extensive hands-on training courses for semiconductor device
processing conducted by Yale's Cleanroom staff. They also received trainings on experimental design
methodology and on improving writing/presentation skills. This group holds weekly group meetings with
the other members of Prof. Ma's research group to discuss research progress, research plans, and
exchange ideas. In addition, these students are provided the opportunity to work one-on-one with the
senior research scientist on a daily basis. All these students have participated in conferences and
workshops in related fields, as well as research project reviews. Two of them have also visited our
collaborator’s laboratory (Vanderbilt's X-ray irradiation facility), where they did some experiments
jointly with our collaborators.
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