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Charge trapping dynamics induced by exposition to c-ray (60Co) radiation and bias switching in

MOS capacitors with atomic layer deposited Al2O3 as insulating layer was studied. Electrical char-

acterization prior to irradiation showed voltage instabilities due to electron tunneling between the

substrate and preexisting defects inside the dielectric layer. Real-time capacitance-voltage (C-V)

measurements during irradiation showed two distinct regimes: For short times, the response is

strongly bias dependent and linear with log(t), consistent with electron trapping/detrapping; for

long times, the voltage shift is dominated by the radiation-induced hole capture being always

negative and linear with dose. A simple model that takes into account these two phenomena can

successfully reproduce the observed results. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4900851]

I. INTRODUCTION

In recent years, Alumina (Al2O3) has become a promis-

ing material to be used as insulator in different applications

in microelectronics. For example, it was proposed as a com-

ponent of multilayer dielectric in ion-sensitive field effect

transistors (ISFET).1 It is also used as the interpoly dielec-

tric/blocking layer in floating gate/charge trapping nonvola-

tile Flash memories yielding better coupling without

reducing the physical thickness of the top dielectric.2–10

Much effort has been devoted to the electrical character-

ization of Al2O3-based MOS devices,2–11 but little research

was dedicated to the study of the radiation effects in these

devices.12–16 In devices with a thin interfacial oxynitride

layer, several interesting effects were reported

(1) Xiong et al.12 observed an increase of the low-frequency

noise due to the increase of border traps density. A

decrease of the low-frequency noise was observed after

consecutive sessions of annealing at 200 �C during 24

and 48 h.

(2) Felix et al.13,14 observed a maximum radiation-induced

voltage shift at 1.0–1.3 MV/cm, similar to that observed

in thermal oxides. They also observed a tox
4 dependence

of the voltage shift on physical thickness, instead of the

usual tox
2. The authors explained this dependence as a

result of charge removal by tunneling, which reduces the

effective thickness of the dielectric. Finally, a decrease

in the interface trap density with the applied dose was

also reported in that work, presumably as a consequence

of the passivation of interface states due to the hydrogen

released during irradiation.

(3) Zhou et al.15 studied the combination of irradiations and

negative bias temperature stress (NBTS), showing that

the oxide trap voltage shift (Vot) after combined irradia-

tion and NBTS was larger than the independent contribu-

tions added. This result was interpreted by the authors as

the trapping of both positive and negative charges during

irradiation, and the subsequent release of compensating

electrons during NBTS. As regards the interface trap

voltage shift (Vit), the combined irradiation with NBTS

showed that both effects are independently added.

Related results combining radiation and electrical stress

on SiO2 can be found in Refs. 17–19.

Voltage instabilities in Al2O3-based devices under nor-

mal operating conditions were observed and identified as

electron trapping/detrapping by tunneling transitions from/to

the substrate.11,20–22 This voltage instability makes it difficult

to characterize the radiation response, because it superim-

poses to the radiation effects, as described by Felix et al. for

hafnium silicate (HfxOySiz).
23 In a previous work, we charac-

terized and modeled the electron traps that give place to these

voltage instabilities.11 The aim of this work is to analyze the

c-ray (60Co) radiation response of Al2O3-based MOS capaci-

tors under different bias conditions using a real-time mea-

surement technique to discriminate the bias-induced electron

trapping/detrapping and the radiation effects.

II. EXPERIMENTAL DETAILS

MOS capacitors with 11.7 nm Al2O3 grown by atomic

layer deposition (ALD) as insulating layer were studied. The

samples were fabricated on both an n-type phosphorus-doped

silicon wafer with resistivity 1–12 Xcm and on a p-type

boron-doped silicon wafer with resistivity 4–40 Xcm. Thea)E-mail: lsambuco@fi.uba.ar.

0021-8979/2014/116(17)/174506/5/$30.00 VC 2014 AIP Publishing LLC116, 174506-1

JOURNAL OF APPLIED PHYSICS 116, 174506 (2014)

 [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:

200.0.233.52 On: Tue, 21 Jul 2015 13:39:37

http://dx.doi.org/10.1063/1.4900851
http://dx.doi.org/10.1063/1.4900851
http://dx.doi.org/10.1063/1.4900851
http://dx.doi.org/10.1063/1.4900851
http://dx.doi.org/10.1063/1.4900851
mailto:lsambuco@fi.uba.ar
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4900851&domain=pdf&date_stamp=2014-11-05


metallization was performed with Al/(0.5%)Cu. The wafers

underwent a forming gas (N2/(10%)H2) annealing step at

350 �C for 20 min. Transmission electron microscopy (TEM)

images showed that the Al2O3 layer is amorphous, as

expected for the low annealing temperature.24 The estimated

equivalent oxide thickness (EOT) yields a relative dielectric

constant j¼ 7.4.25 A SiOx interfacial layer (IL) was fre-

quently reported as a sub-product of ALD layers growth on

Si.7,26 We could not detect its presence through microscopy,

neither through kinetics analysis. However, the low value of

j (7.4) compared with the reported amorphous Al2O3 j-value

(8.6),7 may be related to the possible presence of an IL in our

samples. This issue was previously analyzed in detail in

Ref. 11. More details about fabrication are given in Ref. 25.

The measuring system comprised a Boonton Electronics

72BD capacitance meter and a Burr-Brown UDAS-1000E

data acquisition system (DAQ). The capacitance was meas-

ured at 1 MHz with a 15 mV RMS signal. During the mea-

surement, the device under test (DUT) was biased with a

constant gate voltage. Periodically, a C-V cycle from

inversion to accumulation and back to inversion was meas-

ured during�2 s. The measurement was short enough to

ensure that the change in gate bias does not affect the overall

response to irradiation of the DUT.

III. RESULTS

A. Electrical characterization

An electrical characterization of the devices was per-

formed before irradiation. Figure 1 shows C-V cycles for

both capacitors (p-type and n-type substrates). A hysteresis

phenomenon was observed in both n- and p-type capacitors

when the gate voltage (VG) reaches 1.5 V. However, for the

p-type sample, the hysterical behavior can be avoided and

the whole C-V curve measured (curve 1 in the figure), if VG

is lower than 0.5 V. This hysteresis is interpreted to be the

result of trapping/detrapping along the C-V cycle of elec-

trons tunneling from/to the semiconductor into preexisting

defects within the insulator.11,20–22 These defects are more

easily filled at higher VG for this causes more oxide traps to

lie below the Fermi level, as shown in the inset of Fig. 1.

The voltage needed to keep a constant capacitance (VC)

was tracked. The reference capacity was chosen at the high

derivative part of the C-V curve. As was observed regarding

the hysteresis, holding VG at positive voltages causes elec-

tron trapping, shifting VC. Therefore, the instability corre-

sponding to the n-type sample is stronger than that for the p-

type as shown in Fig. 2(a). Recently,11 we characterized and

modeled the time evolution of the voltage instability

observed in n-type devices. This phenomenon makes it diffi-

cult to characterize the radiation response in real-time using

n-type devices, because shifts in the C-V curves mask the

radiation-induced charge trapping.

It is expected to observe the same behavior in p-type

devices when the applied voltage is high enough. Fig. 2(b)

confirms this hypothesis showing the shift in VC after cumu-

lative intervals of 15 min during which a constant voltage of

1 V was applied to the gate.

As a conclusion, for a first characterization of the radia-

tion effects, the bias-induced voltage instability could be

avoided if a p-type sample is irradiated with a low applied

FIG. 1. Experimental C-V cycles for MOS capacitors with Al2O3 as insulat-

ing layer. The hysteresis expresses electron trapping in preexisting defects

within the insulator by tunneling from the semiconductor as shown in the

inset. Curve (1) in the p-type sample reaches a maximum voltage of 0.5 V

and exhibits no hysteresis.

FIG. 2. (a) Experimental (symbols)

and simulated (lines) VC versus time

curves for both types of substrates

under constant capacitance measure-

ments. Model parameters (n-type):

a1¼ 6 mV, s1¼ 0.4 s, a2¼ 4 mV, and

s2¼ 400 s. (b) Experimental (symbols)

and simulated (lines) VC versus time

curve for the p-type capacitor stressed

at VG¼ 1 V. Model parameters:

a1¼ 10.5 mV, s1¼ 1 s, a2¼ 6 mV, and

s2¼ 2800 s.

174506-2 Sambuco Salomone et al. J. Appl. Phys. 116, 174506 (2014)

 [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:

200.0.233.52 On: Tue, 21 Jul 2015 13:39:37



voltage, which prevents electron trapping. Once the main

features of the radiation response are extracted from this

experiment, measurements under different bias conditions

could be performed to distinguish the bias-induced voltage

instability and the radiation effects.

B. Radiation response

The Al2O3-based p-type capacitor was exposed to differ-

ent c-ray (60Co) radiation sessions with a dose rate of

23 6 2 Gy/h. Doses are referred to SiO2. C-V curves were

measured every 15 min in all sessions except for the first one,

where the time between measurements was half an hour.

During the first session, the device was irradiated with

zero bias up to a total dose of 6.2 kGy. A displacement with

dose of the C-V curve towards negative voltages was

observed, indicating an increase of positive trapped charge

within the insulator. There is a linear dependence of VC-shift

with dose, as shown in Fig. 3, and no saturation of the posi-

tive charge buildup was observed in this experiment.

During the second session, the device was irradiated

up to 7.8 kGy, with a constant applied voltage VG¼ 1 V.

Figure 4 shows the evolution of VC with dose. A turn-around

phenomenon was observed. For short times (t< 105 s, equiv-

alent to 600 Gy), a positive VC-shift is observed, whereas af-

ter 105 s, the VC-shift changes and exhibits a negative slope.

The response for t> 105 s is consistent with the capture of

holes generated by radiation, as for the case of VG¼ 0 V. In

contrast, the initial positive VC-shift was approximately lin-

ear with log(t) (see inset in Fig. 4), which is consistent with

the electron capture by tunneling transitions from the sub-

strate, as observed without radiation (Fig. 2). This superposi-

tion of both bias-induced electron trapping and radiation-

induced hole trapping was also reported in HfO2.27 A similar

result was observed in LaAl2O3 and NdAl2O3,28 although in

these materials, both contributions (electron and hole trap-

ping) seem to be related to the irradiation.

The post-irradiation response is shown in Fig. 5. The de-

vice was held with VG¼ 0 V and C-V measurements were

recorded every 15 min. The DVC vs. time curve exhibits a

negative shift linear with log(t), which was accelerated after

approximately 104 s, still showing the log(t) dependence.

This behavior is consistent with the results of voltage switch-

ing shown in Fig. 6 and is identified in Sec. IV as tunneling

back of electrons trapped during the irradiation with positive

gate bias. A similar result was observed in HfO2-based

devices.28

Afterward, the device was irradiated up to a total dose

of 4.3 kGy with a biasing sequence VG¼ 1 V ! 0 V !
�1 V. Figure 6 shows the results where the first stage

(VG¼ 1 V) has the already analyzed characteristics. After

switching the gate bias (VG¼ 0 V), VC monotonically shifted

to more negative voltages linear with log(t) for short times

and linear with dose for long times. At short times after the

switching, the electrons trapped during the first stage are

detrapped by tunneling to the substrate. After approximately

5 � 104 s (�1.8 kGy), the radiation-induced hole trapping

dominates the device response, changing the shape of the

curve to the linear dependence with dose. Finally, switching

FIG. 3. Experimental (symbols) and simulated (line) VC versus dose curve

during the first irradiation session (VG¼ 0 V). Model parameters:

b1¼ 50 lV/Gy (D< 1 kGy) and b2¼ 33 lV/Gy (D> 1 kGy).

FIG. 4. Experimental (symbols) and simulated (lines) VC versus dose curve

during the second irradiation session (VG¼ 1 V). Model parameters:

a1¼ 34 mV, s1¼ 2000 s, and b¼ 48 lV/Gy.

FIG. 5. Experimental (symbols) and simulated (lines) VC versus time curve

after the second irradiation session. VG¼ 0 V between C-V measurements.

Model parameters: a1¼�3 mV, s1¼ 1 s, a2¼�14 mV, and s2¼ 10 000 s.
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to a negative bias voltage (VG¼�1 V) favours the release

of electrons captured at deeper energetic levels, while the

radiation-induced hole capture continues.

IV. PHYSICAL MODEL

The voltage shift for a constant capacitance, DVC(t), is

related to the variation of the density of both tunnel-assisted

trapped electrons and radiation-induced trapped holes

DVC tð Þ ¼ q

Cox

ðtox

0

Dnt x; tð Þ � Dpt x; tð Þ
� �

1� x

tox

� �
dx; (1)

where q is the elementary charge, Cox is the capacitance per

unit area, tox is the Al2O3 thickness, Dnt and Dpt are the

changes in the trapped electron and hole densities, respec-

tively, and x is the position of the electron/hole traps from

the substrate-insulator interface.

Tunneling transitions from/to the substrate causes a

change in the density of trapped electrons11

dnt

dt
¼ Ntf � nt

s
; (2)

where Nt is the density of electron traps, f is the Fermi-Dirac

occupation probability according to the Fermi level at the

substrate, and s is the tunneling time constant between elec-

tronic states in the substrate and the electron traps. A tunnel-

ing front approximation was considered.29 Taking into

account only, the electron traps contribution in Eq. (1)

DVtunneling
C tð Þ ¼ �h2

2mox

 !1=2

qNtDf

2Cox

ffiffiffiffiffi
Et

p ln
t

si

� �
; (3)

where mox is the electron effective mass in Al2O3, Df is the

change in the occupation probability due to the applied volt-

age, Et is the trap energy level referred to the conduction

band edge, and si is the tunneling time constant for the traps

first reached by the tunneling front.

For radiation generated holes, the continuity equation is

dpf

dt
¼ � djp

dx
þ g0DrY � rpjjpj Pt � ptð Þ; (4)

where pf is the density of free holes, jp is the hole flux, g0 is

the generation of electron-hole pairs per unit dose, Y is the

fractional yield, Dr is the dose rate, rp is the capture cross

section, and Pt is the hole traps density. We assume that the

hole traps are uniformly distributed across the Al2O3 layer.

For the dose rate used in this work, holes reach steady-

state in a short time compared to the irradiation time,30,31 then

dpf/dt¼ 0. Moreover, taking into account, the observed linear

dependence with dose of the hole capture contribution to the

VC-shift, we assume the low dose approximation pt�Pt.

Therefore, Eq. (4) can be integrated to obtain the hole flux as

jp xð Þ ¼ g0DrY

rpPt
e�rpPt tox�xð Þ � 1½ �: (5)

The trapped holes density is given by

dpt

dt
¼ rpjjpjPt: (6)

Replacing (5) in (6) and solving for pt

ptðx; tÞ ¼ g0DðtÞY½1� e�rpPtðtox�xÞ�; (7)

where D(t)¼Drt is the total absorbed dose.

As for the case of electron traps, considering only the

contribution of hole traps in Eq. (1)

DVradiation
C tð Þ ¼ � qg0D tð ÞY

Cox

tox

2
� 1� e�rptoxPt

tox rpPtð Þ2
þ e�rptoxPt

rpPt

" #
:

(8)

Taking into account both contributions, the fitting equa-

tion turns out to be

DVC tð Þ ¼ aln
t

si

� �
� bD tð Þ; (9)

where a and b are related to physical parameters from (3)

and (8).

V. CONCLUSIONS

The response of Al2O3-based MOS devices under c-ray

(60Co) irradiation and switched bias conditions was studied.

The shifts with dose of the C-V characteristic represented by

the evolution of the voltage corresponding to a chosen value

of the device capacitance were tracked as a measure of the

changes in the oxide charge.

The results can be described in terms of the superposi-

tion of two different trapping processes. One is related to

tunneling transitions between substrate and electron traps

near the Si/Al2O3 interface, strongly dependent on the bias

condition. The second process is related to the trapping of

FIG. 6. Experimental (symbols) and simulated (lines) VC versus dose curve

during a switched bias irradiation. Model parameters: a¼ 11 mV, s¼ 13 s,

b¼ 20 lV/Gy (D< 1.5 kGy), a¼�5 mV, s¼ 3 s, b¼ 45 lV/Gy (1.5

kGy<D< 2.9 kGy), a¼�7 mV, s¼ 150 s, and b¼ 29 lV/Gy (D> 2.9

kGy).
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holes generated by the incident radiation. Due to the opposite

charge trapped in each process, the evolution of the constant

capacitance voltage (VC) is non-monotonic. Electron trap-

ping dominates the dynamic for short times until the hole

capture contribution becomes more significant. The post-

radiation measurements show the tunneling back of electrons

trapped during the irradiation with positive gate bias.

Considering the reported ln(t) dependence of the tunneling-

assisted electron trapping/detrapping, and a linear depend-

ence with dose for the radiation-induced hole capture, the

experimental results were fairly reproduced by a simple

model. This simplicity has to be complemented with detailed

information on the electronic properties of the traps in order

to have a real predictive model for different materials. The

factor a involves the effective mass of the electrons in the

material mox, the electron trap density Nt, and the traps

energy Et. Similarly, b embraces the generation factor g0, the

generation yield Y, which, in turn, has a non trivial depend-

ence on the electric field, density, and distribution of hole

traps. Even though the complete required information is not

generally available, the given expressions provide a tool for

analysis and semi-quantitative predictions.
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