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Abstract— In this work, the positive bias temperature
instability (PBTI) degradation of ZnO transistors by atomic
layer deposition (ALD) is systematically investigated by
using an extended measure-stress-measure (eMSM) tech-
nique. We observe for the first time the anomalous negative
threshold voltage (V TH) shift under PBTI stress, which is
frequently observed in oxide semiconductor transistors,
can be well described by a universal relaxation model. The
permanent component (P) and recoverable component (R)
are simultaneously extracted, clearly showing that the R
component is dominated by negative V TH shift while P
component is positive. The universality of PBTI relaxation
on the negative V TH shift in oxide semiconductors
suggests hydrogen (H) transport may play a key role
on understanding PBTI degradation phenomenon in oxide
semiconductor devices, and relaxation must be considered
for accurate evaluation of lifetime.

Index Terms— Atomic layer deposition, zinc oxide,
positive bias temperature instability, thin-film transistor.

I. INTRODUCTION

OXIDE semiconductor transistors have been increasingly
appealing as back-end-of-line (BEOL) compatible tran-

sistors for monolithic 3D integration. Oxide semiconductor
transistors have been demonstrated with encouraging per-
formance such as high drive current, steep subthreshold
slope (SS), ultra-low off-state leakage current and BEOL
compatibility [1], [2], [3], [4], [5], [6], [7], [8], [9]. To integrate
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oxide semiconductor devices with Si CMOS, the reliability
performance remains critical. There have been studies on
the BTI degradation of scaled oxide semiconductor devices
for BEOL, showing decent BTI performance but much
more complex than Si metal-oxide-semiconductor field-effect
transistors (MOSFETs), such as negative threshold voltage
(VT H ) shift under positive bias temperature instability (PBTI)
stress [10], [11], [12], [13], [14]. How to properly understand
the degradation mechanisms under BTI stress in oxide
semiconductor transistors is still not clear.

In this work, ZnO transistor by atomic layer deposition
(ALD) is used as a model system to study the PBTI
degradation in oxide semiconductor transistors. An extended
measure-stress-measure (eMSM) technique is adopted to
capture both permanent component (P) and recoverable
component (R) during PBTI measurements [15]. It is found
that the anomalous negative VT H shift under PBTI stress
can be well described by a universal relaxation model. The
R component is dominated by negative VT H shift while P
component is positive. The universality of PBTI relaxation
on the negative VT H shift suggests PBTI degradation in
oxide semiconductor transistors may be strongly related with
reaction and diffusion (RD) of hydrogen (H).

II. EXPERIMENTS

The schematic diagram of ALD ZnO transistors in this
work is shown in Fig. 1(a). 11 nm Al2O3 was used as gate
insulator and 18 nm ZnO was used as channel. Ni was
used for both gate metal and source/drain (S/D) contacts.
The fabrication process is similar to previous work in [16].
3 nm Al2O3 passivation layer by ALD at 200◦C was used to
prevent reaction with oxygen and moisture in air. The devices
were annealed in air at 250◦C for 1 minute after passivation
in order to heal the damage in oxide semiconductor during
passivation layer growth process. The overall thermal budget
was controlled under 250◦C. All electrical measurements were
done on devices with passivation unless otherwise specified.

III. RESULTS AND DISCUSSION

Fig. 1(b) shows the transfer characteristics of ZnO transistor
with channel length (Lch) of 2 µm, showing negligible
hysteresis and SS of 91.5 mV/dec. Fig. 1(c) presents the
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Fig. 1. (a) Schematic diagram of a passivated ALD ZnO transistor.
(b) Transfer characteristics, (c) µFE versus VGS extracted from transfer
curve at VDS = 0.1 V , and (d) output characteristics of a typical ZnO
transistor with Lch = 2µ.

Fig. 2. (a) Evolution of transfer curves at VDS =0.1 V of passivated
ZnO transistor with Lch =10 µm under Vstress of 5 V and tstress from
0 s to 1000 s. (b) VTH under PBTI stress extracted from transfer curves
of unpassivated device tested in air and vacuum, and passivated device
tested in air.

field-effect mobility (µF E ) extracted from transfer curve at
VDS =0.1 V. The corresponding output characteristics of ZnO
transistor are shown in Fig. 1(d). Electrical performance of
ZnO transistors without 3 nm Al2O3 passivation was reported
in our previous work in [16], which is similar to those
with 3 nm Al2O3 passivation in this work in terms of DC
performance.

Fig. 2(a) shows the evolution of transfer characteristics
of passivated ZnO transistor under PBTI stress. VT H shifts
negatively during PBTI stress, as commonly observed in oxide
semiconductor devices [12], [13], [17]. SS remains nearly
unchanged during stress, indicating VT H shift under PBTI
stress is minorly affected by interface trap generation. The
impact of passivation on PBTI degradation of ZnO transistors
is studied in Fig. 2(b). A large positive VT H shift is observed
in unpassivated device stressed in air, indicating that ZnO
interacts with oxygen and moisture during PBTI stress and
contribute to a positive VT H shift, most likely because of
the reduction of oxygen vacancy and carrier density. This
also suggests the negative VT H shift under PBTI stress is not
related with top interface of ZnO.

Fig. 3. (a) Schematic of eMSM measurement method. At relax phase
ID spot measurements at VDS =0.1 V are performed from trelax =0.1 s
to 100 s. Inset: VTH extraction method from ID spot measurement. VTH
versus trelax under Vstress of (b) 3 V, (c) 4 V and (d) 5 V for different
tstress. Experimental data is fitted by universal relaxation model. (e) VTH
versus total time under different Vstress, clearly showing a positive P
component and a negative R component.

To further study the degradation mechanisms under PBTI
stress, eMSM scheme was applied to distinguish the P
component and R component [15]. Schematic of eMSM
method in this work is illustrated in Fig. 3(a), as has been
developed in [15]. The eMSM measurement started with a pre
ID-VGS sweep before stress. Then, a stress voltage (Vstress)

was applied to VGS for different stress time (tstress). After
each stress phase VGS switched to 0 V as relax phase and
multi-spot ID was measured during relaxation time (trelax )

of 0.1 s to 100 s, to capture the relaxation properties.
The procedure on 1VT H extraction is illustrated in inset
of Fig. 3(a).

The BTI relaxation of traditional Si MOSFETs is well-
known to follow a universal relaxation function that
r(ξ )=1/(1+Bξβ), where ξ=trelax/tstress , B is a scal-
ing parameter and β is a dispersion parameter. The
R component and P component can be described by
1VT H (tsress , trelax )=P(tstress)+R(tsress , trelax ) and R(tsress ,
trelax )=R(tsress , trelax=0)r(ξ). Although the universality of
BTI relaxation is well-established in Si MOSFETs related with
H transport [18], it is unclear whether such universality exists
in oxide semiconductor transistors. Note that, 1VT H under
PBTI stress can be negative for oxide semiconductor devices,
as shown in Fig. 2(a), so that the stress and recover process
in oxide semiconductors can be very different from Si case.

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on July 20,2023 at 05:24:51 UTC from IEEE Xplore.  Restrictions apply. 



1138 IEEE ELECTRON DEVICE LETTERS, VOL. 44, NO. 7, JULY 2023

Fig. 4. (a) Re-plotted universal relaxation function versus trelax/tstress
under different Vstress and tstress. (b) Illustration of degradation
mechanisms during PBTI stress. (c) Permanent component P and (d)
recoverable component R versus tstress at different Vstress extracted by
universal relaxation model.

Fig. 3(b)-(d) show 1VT H versus trelax at different tstress
under Vstress of 3 V, 4 V, and 5 V. At a low Vstress of 3 V,
a positive VT H shift is observed after stress phase but during
the relax phase VT H shifts positively, suggesting that the
negative VT H shift under PBTI stress is recoverable. At a
higher Vstress of 4 V or 5 V, VT H shifts negatively and recovers
positively. The universal BTI relaxation function 1VT H (tsress ,
trelax )=P(tstress)+R(tsress , trelax=0)/(1+Bξβ )is used to fit the
experimental data to extract P , R, B, and β, as shown in the
lines in Fig. 3(b)-(d), extracting a positive P component and
negative R component, which explains the positive/negative
VT H shift under different Vstress , as also plotted in total time
scale in Fig. 3(e). For example, at Vstress of 3 V, 1VT H is
positive after stress phase and becomes larger during recover
phase, which is different from at Vstress of 4 V and 5 V,
because the absolute value of negative R component is only
slightly larger than positive P component at low Vstress ,
and after a detectable measurement delay of about 120 ms
the remanent R component become smaller than P . At high
Vstress , P component becomes much smaller than the negative
R component. Thus, P and R components under PBTI have
different voltage dependence.

The data in Fig. 3(b)-(d) is re-plotted using trelax/tstress as
x-axis and r(ξ) as y-axis, as shown in Fig. 4(a). R2 equals to
0.99987 indicating that the experimental data fit surprisingly
well with the universal BTI relaxation model. The extracted B
and β are similar to results in Si MOSFETs [18]. Therefore,
we confirm that the negative VT H shift under PBTI stress
in oxide semiconductors transistors follows the universal BTI
relaxation function.

Fig. 4(b) illustrates possible degradation mechanisms under
PBTI stress, including 1) electron trapping/de-trapping, 2) H
reaction and diffusion, 3) oxygen vacancies (VO) generation,
4) interface trap generation. The two possible mechanisms lead
to negative VT H shift are H reaction and diffusion and VO

generation, since H and VO are electron donors for oxide
semiconductors. We speculate trap generation more likely
contribute to P component since trap is a slower process.
Meanwhile, it is well-known universal BTI relaxation in Si
MOSFET is related with H transport [18]. Thus, the negative
VT H shift under PBTI stress in oxide semiconductor transistors
most likely originates from H reaction and diffusion.

P and R components versus tstress at different Vstress
are summarized in Fig. 4(c) and Fig. 4(d). P components
at different Vstress are positive while R components are
negative. R components show strong Vstress dependence and
the absolute values of R are larger than P . P components show
no obvious dependence on Vstress , indicating that there might
be multiple competing mechanisms on permanent degradation.
For example, there may exist both donor trap generation
and accept trap generation under PBTI, contributing to both
positive and negative P components. The absolute values of
P are all less than 100 mV even at high voltages, suggesting
the ALD ZnO transistors has high PBTI stability.

IV. CONCLUSION

In summary, the anomalous negative VT H shift under PBTI
stress in oxide semiconductor transistors, is found to be well-
described by a universal relaxation model. The R component
is dominated by such negative VT H shift while P component
is positive. The universality of PBTI relaxation on the negative
VT H shift provides new insights to understand the PBTI
degradation of oxide semiconductor devices, which suggests
H transport may play a key role during PBTI degradation.
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