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We report measurement of fast transient charging effects (FTCE) in enhancement-mode n-channel

GaAs, InP, and In0.53Ga0.47As field-effect transistors (FETs) using Al2O3 as the gate dielectric. The

FTCE data reveal superior drive current and enhanced threshold voltage stability for In0.53Ga0.47As

FETs. We further report charge pumping measurements for In0.53Ga0.47As transistors, revealing

that the majority of interface traps are donor traps, as well as an increased trap density within the

Al2O3 bulk. Such data, together with FTCE data, reveal that drain current degradation observed

during pulsed I-V measurements is predominantly due to slow oxide traps, underscoring their

significance within III-V/high-j metal-oxide-semiconductor FETs. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4776678]

High mobility III-V substrates have continued to attract

great interest as replacement channel materials to meet the

performance demands beyond the limits of silicon (Si) com-

plementary metal-oxide-semiconductor (CMOS) technology.

Progress has been made on enhancement-mode III-V MOS

field-effect transistors (MOSFETs), including MOSFETs on

GaAs,1,2 InP,3,4 and InGaAs5,6 utilizing various high-j
dielectrics such as Al2O3,2,5 HfO2,1,3,5 HfAlO,5 stacked HfA-

lOx/HfO2,4 and stacked HfO2/AlN,6 among others. However,

the high trap density which typically characterizes high-j
dielectrics and the III-V/high-j dielectric interface remains a

challenge for future III-V substrate integration. In particular,

the transient charging of fast interface traps present at III-V/

high-j dielectric interface, as well as the charging of slow,

near-interface oxide traps can cause mobility degradation,

threshold voltage (Vt) instability, and reduced transistor reli-

ability.7,8 To better understand III-V device performance, it

is important to characterize the impact of charge traps within

the gate stack of III-V MOSFETs as well as at the III-V/

dielectric interface. In this work, a pulsed I-V measurement

technique7–11 is used to assess the impact of fast transient

charging effects (FTCE), wherein substrate-injected elec-

trons become trapped in pre-existing defects within the

high-j dielectric,8 on GaAs, InP, and In0.53Ga0.47As MOS

transistors with Al2O3 gate dielectric deposited by atomic

layer deposition (ALD). Moreover, the pulsed I-V technique

is used to provide insight into the impact of slow, near-

interface oxide traps by employing variable, long pulse

widths (PWs). In0.53Ga0.47As FETs are found to show high

drive current as compared to GaAs and InP FETs, as reported

elsewhere,5,6 and are found to be least impacted by FTCE.

To better understand the nature of trapping in the III-V/high-

j system, the charge pumping (CP) technique12 was also

used to directly measure the trap recombination current and

accurately determine the interfacial trap density (Dit) in the

In0.53Ga0.47As MOSFETs. The charge pumping technique

has been recently used to extract Dit in III-V/high-j sys-

tems13,14 and is further used here to shed light on the FTCE

data. For example, utilizing a frequency-dependent charge

pumping technique,15,16 the trap density within the Al2O3

dielectric has also been profiled, providing further under-

standing into the contribution of slow traps away from the

III-V/high-j interface. Further, the present charge pumping

analysis was used to extract the energy distribution of Dit

within the bandgap.

GaAs-based transistors were fabricated on (100) undoped

semi-insulating substrates, which were initially cleaned in a

1% HF solution to remove surface oxides, followed by a 20%

(NH4)2S dip surface passivation treatment, which has been

previously demonstrated to effectively improve the GaAs

substrate/high-j gate dielectric interface.2,17 After the surface

treatment, the GaAs wafers were immediately transferred

into an ALD reactor, where Al2O3 was grown using trimethyl

aluminum (TMA) as the metallic precursor and H2O as the

oxidant. Selective removal of GaAs native oxides using

TMA precursor has been reported previously,18 and helps

eliminate the need for an elaborate in situ clean. Physical

vapor deposited (PVD) TaN was used as the gate electrode

and the source/drain ohmic contacts were formed by e-beam

evaporation and lift-off of AuGe/Ni/Au. The complete GaAs

MOSFET process flow has been previously described.2 Semi-

insulating (100) InP substrates were used for InP MOSFET

fabrication, and molecular beam epitaxy (MBE)-grown

p-type In0.53Ga0.47As on highly doped p-type InP substrates

were used for In0.53Ga0.47As MOSFET fabrication using a

similar process flow as described above. All devices were

fabricated using a ring-FET geometry with an annular gate,

useful for simplifying the device isolation process.6a)Electronic mail: michael.ramon@utexas.edu.
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Figure 1(a) depicts a schematic illustration of the pulsed

I-V measurement setup used to study FTCE in our high-j
III-V MOS transistors. To illustrate the impact of FTCE,

Figure 1(b) shows a pulsed I-V measurement [rise time

(tr)¼ fall time (tf)¼ 10 ls, PW¼ 100 ls] on a GaAs transis-

tor, where the difference in the forward and reverse Id-Vg

sweeps is a result of transient charge trapping, and is a direct

cause of threshold voltage (Vt) instability.8,10 Comparing

the forward pulsed Id-Vg sweep to the DC sweep illustrates

the underestimation of the drive current due to trapping

occurring during the DC measurement. While transient

charging may still occur for pulses in the ls-range,8 the

pulsed Id-Vg sweep is closer to being “trap-free.” Figure 1(c)

illustrates the drive current degradation as a function of time

corresponding to the pulsed Id-Vg sweep of Figure 1(b). The

reduction in drive current is caused by the increasing Vt due

to charge trapping within the high-j during the pulse charg-

ing time, where the charging time is defined as the sum of

the rise time (tr) and the PW.8,10 The FTCE phenomenon

has also been observed for Si-based transistors with high-j
gate dielectrics.7

When studying pulsed current data, it is preferable to

use Id-time sweeps (Figure 1(c)) as opposed to Id-Vg sweeps

(Figure 1(b)) because of artifacts that can be present in Id-Vg

data,8,10,19 such as variable values of Vt shift observed at dif-

ferent values of drain current, resulting from forward/reverse

Id-Vg traces that are not parallel to one another. Thus, to

compare the impact of FTCE across various III-V/Al2O3

devices, Id-time sweeps for (a) GaAs, (b) InP, and (c)

In0.53Ga0.47As MOSFETs (W/L¼ 600 lm/5 lm) as a func-

tion of PW are presented (Figure 2). For each substrate type,

four different pulse widths were used (5 ms, 10 ms, 50 ms,

100 ms), while holding the rise time and fall time constant

(0.1 ls). A superior drive current for In0.53Ga0.47As-based

devices is observed, and has been reported elsewhere.5,6 The

initial rapid decrease in drain current with time is due to fast

traps, while the continued decay with time is due to the abil-

ity of slower near-interface oxide traps to respond for

increased charging times.20 For a maximum charging time of

�100 ms, In0.53Ga0.47As, GaAs, and InP MOSFETs each

experience a drain current degradation of �18%, �25%, and

�42%, respectively, indicative of increased Vt instability of

GaAs and InP devices as compared to their In0.53Ga0.47As

counterparts. In light of the higher drive current of

In0.53Ga0.47As, its more forgiving nature with regards to

Fermi-level pinning,5 and the present results showing less

susceptibility to FTCE, it is worthwhile to probe further into

the nature of traps in the In0.53Ga0.47As/Al2O3 system.

Toward that end, the 2-level CP technique12–16,21–23 was

used to accurately determine Dit in the In0.53Ga0.47As MOS-

FETs, as well as the trap density within the Al2O3 dielectric

and the energy distribution of Dit within the bandgap. GaAs

and InP-based devices, which have semi-insulating sub-

strates, did not allow for similar probing of the trap recombi-

nation current. The charge pumping measurements were

performed by keeping the source, drain, and substrate

grounded while ramping the base level (Vbase) from �2 V to

0 V of a constant amplitude (Va¼ 2 V) gate pulse. In order to

avoid the impact of bulk traps,13 high frequency (1 MHz)

charge pumping current (Icp) versus Vbase, with fixed rise and

fall times (100 ns) was used (not shown) to compute the

mean Dit
12,23

Icp

f
¼ 2qDitAkT ln

ffiffiffiffiffiffiffi
trtf

p
þ ln

jVf b � Vtj
jVaj

tthni
ffiffiffiffiffiffiffiffiffiffi
rnrp
p

� �� �
;

(1)

where f is the measurement frequency, q is the electron

charge, Dit is the mean interfacial trap density, A is the device

area (W*L¼ 600 lm*5 lm), kT is the product of the Boltz-

mann constant and temperature (0.0259 eV), tr and tf are the

pulse rise and fall times (100 ns), Vfb and Vt are the flatband

and threshold voltages and jVfb � Vtj � 1.5 V as estimated

from Figure 3, tth is the thermal velocity (1� 107 cm/s), ni is

the intrinsic carrier concentration (1� 1012 cm�3), and rn and

rp are the electron and hole capture cross sections, respec-

tively. By performing a linear fit of the ICP/f vs. ln(trtf)
1/2

curve while keeping tr fixed (not shown),23 the electron cap-

ture cross section (rn) is extracted to be �1.52� 10�13 cm2.

Similarly, from a linear fit of the ICP/f vs. ln(trtf)
1/2 curve

while keeping tf fixed (not shown), the hole capture cross sec-

tion (rp) is found to be �6.34� 10�15 cm2. The mean capture

cross section can then be extracted as
ffiffiffiffiffiffiffiffiffiffi
rnrp
p � 3.11� 10�14

cm2. For a peak measured Icp value of 11.63 lA, the mean Dit

is thus found to be 1.24� 1013 cm�2 eV�1, which is compara-

ble to previously reported values.14,15 Moreover, the interface

traps in InGaAs devices are predominantly donor traps which

reside in the upper half of the bandgap, as will be discussed

below, and thus they do not affect the on-state performance

of InGaAs transistors.14

Figure 3(a) shows a strong influence of varying fall time

on Icp while keeping the rise time fixed at 100 ns (�53% Icp

FIG. 1. (a) Schematic illustration of the

pulsed I-V measurement setup used to

study FTCE in our high-j III-V MOS

transistors. (b) Pulsed I-V measurement

[rise time (tr)¼ fall time (tf)¼ 10 ls,

PW¼ 100 ls] on a GaAs transistor, illus-

trating the impact of FTCE. (c) Drive

current degradation as a function of time

corresponding to the pulsed Id-Vg sweep

shown in (b).
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degradation), and Figure 3(b) shows a weak influence of

varying rise times on Icp while keeping the fall time fixed at

100 ns (�11% Icp degradation). These results, together with

the much larger electron capture cross section, indicate that

the majority of interface traps in InGaAs are in fact donor

traps, residing in the upper half of the bandgap.21,23 The

larger electron capture cross section also underscores that

donor traps above midgap are more effective trapping cen-

ters than acceptor traps in the lower half of the bandgap, as

expected since the trapping time constant is inversely

proportional to the capture cross section.12 It should be noted

that while the on-state drive current and threshold voltage

are unaffected for the case of donor traps, they do have a

detrimental impact on off-state performance, including

subthreshold slope (SS), ON/OFF current ratio, and drain-

induced barrier lowering.14,15 The In0.53Ga0.47As devices

used for the present charge pumping study exhibited an

ON/OFF current ratio of �104 and a SS of �150 mV/dec, as

extracted from the device transfer curve (not shown). Previ-

ously presented In0.53Ga0.47As devices having comparable

ON/OFF current ratio and SS also exhibited similar values

of Dit.
6

To probe the slow, near-interface oxide traps in the

In0.53Ga0.47As/Al2O3 MOSFETs, a frequency dependent

charge pumping technique15,16 was used. Figure 4(a) shows

the charge pumped per cycle (Qcp¼ Icp/f) versus frequency.

As shown, the charge pumped per cycle increases with

decreasing frequency, as there is more time for electrons to

tunnel into traps deeper into the Al2O3 bulk. Without near-

interface oxide traps, Qcp remains constant.12 Such behavior

is consistent with other reports15 and with what is known

regarding the high trap density of high-j dielectrics in gen-

eral.8 The profile of the bulk trap density (Not) away from the

In0.53Ga0.47As/Al2O3 interface and into the Al2O3 is shown

in Figure 4(b), and was extracted using the data of Figure

4(a) and the following equations:22

NotðxminÞ ¼ �
1

qke;hADE

dQcp

d ln f
; (2)

xmin ¼minðxe; xhÞ ¼ minð�kelnfcnð0Þ=½lnð0:5Þ2f �g;
� khlnfcpð0Þ=½lnð0:5Þ2f �gÞ; (3)

cnð0Þ ¼ nsrnð0Þtth; (4)

cpð0Þ ¼ psrpð0Þtth; (5)

where xmin is the oxide depth which corresponds to the

carrier type which limits recombination, ke and kh are the

electron and hole tunnel attenuation coefficients, DE is

the bandgap energy scanned, cn and cp are the capture rates

FIG. 3. (a) Strong dependence of Icp with varying fall time, while rise time

is fixed at 100 ns (�53% Icp degradation). (b) Weak dependence of Icp with

varying rise time while keeping fall time fixed at 100 ns (�11% Icp degrada-

tion). f¼ 1 MHz for all measurements.

FIG. 4. (a) Charge pumped per cycle (Qcp¼ Icp/f) versus frequency. (b) Pro-

file of bulk trap density (Not) in Al2O3, extracted using the data shown in (a).

FIG. 2. Id-time sweeps for (a) GaAs, (b) InP, and (c) In0.53Ga0.47As MOS-

FETs (W/L¼ 600 lm/5 lm) as a function of PW. For each substrate type,

four different pulse widths were used (5 ms, 10 ms, 50 ms, 100 ms), while

holding the rise time and fall time constant (0.1 ls).

022104-3 Ramon et al. Appl. Phys. Lett. 102, 022104 (2013)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

216.165.95.70 On: Tue, 26 Aug 2014 19:19:54



for electrons and holes, and ns and ps are the electron and

hole surface carrier concentrations when the device is alter-

nately driven into either inversion or accumulation by the

gate pulse. For the present calculations, values of ke¼ kh

¼ 0.95 Å for the InGaAs/Al2O3 system,15 DE¼ 0.48 eV

which is a weighted average of the energy window scanned

by the frequency-dependent CP measurement,15 rn¼ 1.52

� 10�13 cm2, and rp¼ 6.34� 10�15 cm2 were used. Using

basic semiconductor equations,24 the known In0.53Ga0.47As

p-type doping concentration (NA¼ 8.5� 1016 cm�3), an

In0.53Ga0.47As intrinsic carrier concentration of

ni¼ 1� 1012 cm�3,25 and assuming that the device is driven

into strong inversion when the gate pulse is high and into

accumulation when the gate pulse is low, we estimate that

ns¼ 8.53� 1016 cm�3 and ps � NA¼ 8.5� 1016 cm�3. The

pulse rise/fall times were fixed at 100 ns, and the pulse am-

plitude (Va) was set to 2 V. The bulk trap density is found to

be �3� 1020 cm�3 eV�1 near the interface and increases

away from the In0.53Ga0.47As/Al2O3 interface, exhibiting a

peak concentration of �1.05� 1021 cm�3 eV�1 approxi-

mately 10 Å into the oxide. While these values are high, they

are within the expected range for deposited high-j gate

dielectrics.15 Furthermore, the increased trap density

observed within the Al2O3 dielectric supports the idea that

the drain current degradation with increasing pulse width

time, as shown in the FTCE data of Figure 2, is predomi-

nantly due to slower traps within the oxide responding to

increased charging times.

The energy distribution of Dit within the In0.53Ga0.47As

bandgap (Figure 5) was also found by using the data of

Figure 3, in accordance with the following relations:12,23

Eem;e�Ei¼�kT ln tthnirn
jVf b�Vtj
jVaj

tf þeðEi�Ef ;invÞ=kT

� �
; (6)

Eem;h � Ei ¼ þkT ln tthnirp
jVf b � Vtj
jVaj

tr þ eð�EiþEf ;accÞ=kT

� �
;

(7)

DitðE2Þ ¼ �
tf

qAkTf

dIcp

dtf
ðrise time constantÞ; (8)

DitðE1Þ ¼ �
tr

qAkTf

dIcp

dtr
ðfall time constantÞ; (9)

where Eem,e and Eem,h are the energies of the onset of

electron and hole emission, respectively. The mean Dit

(1.24� 1013 cm�2 eV�1) is overlaid for reference. As shown,

the distribution of Dit values in the upper half of the bandgap

is approximately an order of magnitude higher than in the

lower half of the bandgap, and the density of interface traps

peaks at �4� 1013 cm�2 eV�1 just above midgap. The Dit

values reported here are comparable to values reported else-

where for InGaAs-based devices,6,13–15 and underscore the

previous interpretation of the data shown in Figure 3 that the

majority of interface traps in the present In0.53Ga0.47As

MOSFETs are in the upper half of the bandgap.

In conclusion, the pulsed Id-Vg technique was used to

assess the impact of FTCE in various III-V/Al2O3 MOSFETs,

including GaAs, InP, and In0.53Ga0.47As. In0.53Ga0.47

As-based devices exhibited the highest drive current and

showed the least susceptibility to FTCE. The charge pumping

technique was also used to measure the mean Dit, profile the

trap density within the Al2O3 dielectric, and extract the

energy distribution of Dit within the In0.53Ga0.47As bandgap.

Charge pumping results indicated that the majority of inter-

face traps in In0.53Ga0.47As are donor-type traps which reside

in the upper half of the bandgap. Further, the increased trap

density observed within the Al2O3 dielectric supports the fact

that the drain current degradation with increasing pulse width

time, as observed for the pulsed Id-Vg measurements, is pre-

dominantly due to slower traps within the oxide which are

able to respond at increased charging times and underscores

the significant contribution of slow traps for III-V/high-j
MOSFETs.

This was supported by the SWAN Emerging Technol-

ogy Fund of the State of Texas.
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