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1.  Introduction

Deep-level spectroscopy techniques are powerful tools for 
assessing the presence of electrically active defects in semi-
conductor materials [1, 2]. Among them, deep-level transient 
spectroscopy (DLTS) [1] has been one of the most widely used 
techniques, where the presence of deep levels is quantified 

through the analysis of the transient change of junction capaci-
tance due to thermal emission of the trapped carriers. Its prin-
ciple of operation was extended later to deep-level optical 
spectroscopy (DLOS) [2], where the emission of carriers 
from the traps is obtained by optical excitation, but where the 
physical processes involved are generally the same. While with 
DLTS only the bandgap region below  ∼1 eV from the conduc-
tion band can be probed in n-type material, with DLOS the rest 
of the bandgap down to the minority carrier band can be ana-
lyzed. This is especially useful for the case of heavily compen-
sated material, where one wishes to quantify the incorporation 
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Abstract
In this study we present a method for measuring bulk traps using deep-level spectroscopy 
techniques in metal–insulator–semiconductor (MIS) structures. We will focus on deep-
level transient spectroscopy (DLTS), although this can be extended to deep-level optical 
spectroscopy (DLOS) and similar techniques. These methods require the modulation of a 
depletion region either from a Schottky junction or from a highly asymmetric p–n junction, 
junctions that may not be realizable in many current material systems. This is the case of 
wide-bandgap semiconductor families that present a doping asymmetry or have a high residual 
carrier concentration or surface carrier accumulation, such as InGaN or ZnO. By adding a thin 
insulating layer and forming an MIS structure this problem can be circumvented and DLTS/
DLOS can be performed under certain conditions. A model for the measurement of bulk 
traps in MIS structures is thus presented, focusing on the similarities with standard DLTS, 
maintaining when possible links to existing knowledge on DLTS and related techniques. The 
model will be presented from an equivalent circuit point of view. The effect of the insulating 
layer on DLTS is evaluated by a combination of simulations and experiments, developing 
methods for the measurement of these type of devices. As a validation, highly doped 
ZnO:Ga MIS devices have been successfully characterized and compared with a reference 
undoped sample using the methods described in this work, obtaining the same intrinsic levels 
previously reported in the literature but in material doped as high as 1 1018×  cm−3.

Keywords: spectroscopy, metal–insulator–semiconductor, deep levels, defects, 
characterization, simulation

(Some figures may appear in colour only in the online journal)

A Kurtz et al

Deep-level spectroscopy in metal–insulator–semiconductor structures

Printed in the UK

065104

JPAPBE

© 2017 IOP Publishing Ltd

50

J. Phys. D: Appl. Phys.

JPD

10.1088/1361-6463/aa5006

Paper

6

Journal of Physics D: Applied Physics

IOP

Original content from this work may be used under the terms 
of the Creative Commons Attribution 3.0 licence. Any further 

distribution of this work must maintain attribution to the author(s) and the title 
of the work, journal citation and DOI.

2017

1361-6463

1361-6463/17/065104+9$33.00

doi:10.1088/1361-6463/aa5006J. Phys. D: Appl. Phys. 50 (2017) 065104 (9pp)

mailto:adrian.hierro@upm.es
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/aa5006&domain=pdf&date_stamp=2017-01-12
publisher-id
http://creativecommons.org/licenses/by/3.0
http://dx.doi.org/10.1088/1361-6463/aa5006


A Kurtz et al

2

of acceptors in n-type material (or donors in p-type material) 
[3–7]. However, both DLTS and DLOS rely on the use of 
specific devices in which a depletion region is well defined, 
such as in highly asymmetric p–n junctions (where the deple-
tion region drops on the lightly doped side of the junction) or 
Schottky junctions. Still, both of these devices pose great tech-
nological difficulties for many materials of current interest. 
First, some materials suffer from large surface carrier accu-
mulation or conductivity, in which Schottky contacts are not 
feasible. This is the case for InGaN alloys, which show high 
surface carrier accumulation [8] and which, similarly to ZnO 
[9] and CdO [10], impede the formation of Schottky contacts. 
Moreover, many wide-bandgap materials present difficulties 
with one of the doping types, so-called doping asymmetry [11], 
hindering the realization of p–n junctions. Finally, and even if 
p–n junctions could be realized in a given material system, the 
need to have an asymmetric p–n junction with at least an order 
of magnitude difference in the doping level between both sides 
(to ensure that the depletion region drops mostly on the lightly 
doped side) may be unreachable in material systems where the 
residual carrier concentration is high.

MIS structures are a suitable solution for circumventing 
these limitations since they avoid most of the aforementioned 
difficulties. Therefore, by extending the knowledge of DLTS/
DLOS for bulk deep-level analysis to MIS devices in a con-
trolled way, and by properly quantifying the new effects this 
insulating layer generates on the techniques, a wider range of 
materials could be analyzed. Moreover, not only could DLTS/
DLOS be performed on MIS structures, but other techniques 
based on modulating the depletion region will be affected in 
a similar way and benefit from such understanding. A good 
example of the role that an MIS structure has is ZnO, where 
the surface is passivated to allow the formation of a rectifying 
Schottky junction [12–15]. In this material, the surface is typi-
cally treated with H2O2 [13, 14, 16], which induces the for-
mation of a thin insulating layer [14]. However, even if the 
current–voltage (I–V) curves resemble those of a Schottky 
diode, there could be a hidden MIS structure that can strongly 
affect the capacitance transient behavior of the device, as 
it has already been observed in ZnMgO:N measured by  
DLOS [7].

Early results using MIS devices for DLTS analysis mainly 
focused on probing interface states, pulsing the device into 
accumulation or inversion. Just a few years after Lang first 
described the basis of DLTS [1], several studies were published 
that applied the technique to insulator-based devices [18–23]. 
The first report by Wang et al [17] used IGFETs to measure 
only interface traps, with a theoretical discussion on the pro-
cedure, which was further improved by Schulz et al [18], and 
Özder et al [19, 20] in Si MOS structures. The most thorough 
report on the measurement of bulk states instead of surface 
states, in MOS diodes, was published by Yamasaki et al [21]. 
In their work, the processes of carrier emission from bulk states 
were analyzed, obtaining very similar expressions to those 
from DLTS. However, they failed to point out the similarities 
between the measurement processes for MIS and Schottky/
p–n diodes, despite the presence of an insulating layer. Also, 
their model did not consider the transient effects coming from 

the presence of the insulator, i.e. they assumed the voltages 
to be constant, which is not a complete description, as will 
be shown in this paper. Several years later, Nakashima et al 
[22] extended that work, adding an investigation of MOS on 
SOI structures, describing the measurement for lock-in DLTS, 
but again lacking a complete study of the voltage and timing 
regimes in MIS devices and the proper design of the experi-
ments. Our work further expands and simplifies the analysis 
of DLTS in MIS devices, comparing the obtained spectra with 
those measured in a non-insulator-affected sample, which is 
of great importance in materials with native insulating layers 
that are difficult to characterize and for the measurement of 
semiconductors with a high carrier concentration (intrinsic or 
from doping), in which the design of the experiment is crucial 
to maximize the sensitivity of the measurement.

2. Theoretical model

2.1.  Basic MIS theory

As thoroughly explained in textbooks [23], MIS devices show 
different operating modes (accumulation, depletion and inver-
sion) as a function of semiconductor doping levels, insulator 
characteristics and applied bias. Depending on the operating 
mode, the region of the material being probed using spec-
troscopic techniques varies largely, and has to be taken into 
account when analyzing the experimental data.

Recalling the equivalent electrical circuit for an MIS struc-
ture (inset of figure 1), it can be observed that the total capaci-
tance will be the series combination of two capacitances, the 
insulator capacitance (Ci) and the semiconductor depletion 
region capacitance (Cd)

C t
C t C

C t C
.total

d i

d i
( ) ( )

( )
=

⋅
+

� (1)

The semiconductor resistance has also been included in 
the equivalent circuit, since the insulator charge and discharge 

Figure 1.  Metal–insulator–semiconductor capacitance–voltage 
profile for n-type material indicating the different operating 
regimes. Inset: equivalent circuit for an MIS structure in the 
depletion regime.
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processes will occur mainly through that resistance under 
normal circumstances, i.e. in the absence of high leakage in 
the insulating layer.

The MIS structure has a capacitance–voltage (C–V) pro-
file that indicates the aforementioned operating regimes 
(figure 1). It can be observed that under inversion there is a 
difference between the high- and low-frequency curves, due 
to the time constant involved in minority carrier diffusion 
towards the surface needed for the formation of the inversion 
layer. However, for the purpose of material spectroscopy tech-
niques, we will focus on the depletion regime, since it is the 
one that exposes the bulk material beneath the structure so that 
the existing deep levels can be filled and emptied, modulating 
the depletion volume. Under this regime, it is important to 
mention that there is no significant impact of the probe fre-
quency associated with the insulating layer, despite the effect 
in the limit frequency posed by the presence of deep levels for 
capacitance measurements [24]. Therefore, standard capaci-
tance/impedance meters can be used (normally working at 1 
MHz in order to improve the signal-to-noise ratio).

Two parameters are indicated in figure 1 which are impor-
tant for understanding MIS structures operating in the deple-
tion regime. The first one, Cmin, is reached when the width 
of the depletion region is maximum (Wd,max), just before the 
inversion layer is formed and no more depth modulation can 
be achieved [23]. It poses an effective limit on the depth that 
can be measured during the spectroscopy scans, and is indi-
cated by the expression

C W
kT

q

4 ln
,

N

n
min d,max

1
2

D

i( )
∝ ≈−

ε
� (2)

where ND denotes the carrier concentration in the film.
The second important parameter is the threshold voltage 

(VT) [23], which assuming an ideal MIS structure with no 
trapped oxide charge and no differences in the metal/oxide/
semiconductor work functions is given by
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q
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Both expressions show similar dependences on carrier 
concentration, temperature and the insulator capacitance. 
Moreover, and as it will be explained in the following section, 
the capacitance arising from the depletion region depends 
both on carrier concentration and applied voltage, both being 
parameters (Cmin and VT) modified during time as a result of 
carrier capture and emission processes, which are the basis for 
capacitance spectroscopy techniques.

2.2.  MIS structures for deep-level spectroscopy

In this section we present our model for the steady state and 
transient operation in MIS devices for capacitance spectr
oscopy techniques, which are based on fill pulses (optical, elec-
trical or both). The analysis of the relative effects introduced 
by the insulating and semiconductor layers will be analyzed.

2.2.1.  Steady state operation.  Under steady state operation, 
the applied voltage (Va) on an MIS structure will have to drop 
between the insulating layer (Vi) and the depletion in the semi-
conductor film (Vd) as

V V V .d i a+ =� (4)

Since the charge in the insulator and the semiconductor are 
the same,

V
Q

C
x; Where

i : insulator
d : depletionx

s

x
     

 
⎧⎨
⎩= =� (5)

and accounting for equation (1), then

V V
C

C C
.i a

d

d i
=

+
� (6)

Therefore, the smaller the capacitance of the insulator (the 
thicker the layer), the larger the voltage drop in it. Figure 2 
shows the relative amount of the applied voltage (Va) that will 
drop in the insulator layer as a function of its thickness for var-
ious carrier concentrations in a given sample. This graph has 
been generated for a material with a static dielectric constant 
of 8.7 (ZnO), although for materials with different dielectric 
constants there will only be a horizontal shift in the curves. 
Ideally, it is desirable that the sample is designed to operate in 
the lower part of the graph, in order to maximize the control 
over the depletion voltage by minimizing the voltage drop in 
the insulator. This will be generally the case for very thin insu-
lating layers, such as those created unintentionally by means 
of surface treatments or oxidation processes, considering the 
usual range of values for dielectric constants in semiconduc-
tors and native insulators. Moreover, by proper control of 
the voltage drop in the depletion region (Vd), depth-sensitive 
measurements could be carried out.

It is also important to mention that for thin insulators, and 
as a consequence of figure 2, samples with carrier concentra-
tions as high as 1018 cm−3 could be measured provided that a 
satisfactory model is developed. As indicated above, such a 

Figure 2.  Percentage of the applied voltage dropping in the 
insulator as a function of doping concentration and insulator 
thickness ( =t 10, 20, 50, 100ins  nm). The graph is compiled 
assuming a static dielectric constant of 8.7 (ZnO).
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high doping regime is typically inaccessible for DLTS/DLOS 
because of the difficulty processing Schottky diodes or heavily 
doped asymmetric p–n junctions.

2.2.2. Transient effects in MIS structures.  It can be recalled 
that during DLTS scans [1] samples are subjected to repeated 
bias square pulses. Under transient operation following the 
DLTS/DLOS fill pulse, time variation in bias has to be con-
sidered and modeled accordingly. The first and most obvious 
transient behavior following the electrical fill pulse will be 
the rearrangement of electric fields inside the structure. As 
previously indicated, the applied voltage has to drop between 
the insulator and the semiconductor. However, this process 
is not immediate and it affects the transient operation of the 
structure. Since for deep-level spectroscopy it is assumed that 
in the depletion region ( C C 1d d,/∆ ∞� ) the depletion width 
changes relatively little compared to the overall background 
width, the charge or discharge process due to the insulating 
layer can be assumed to be nearly independent of the changes 
in depletion charge due to deep-level emission or capture 
processes.

If we now recall figure 1 and apply general circuit theory, 
the transient voltage drop in the insulator can be written as

V t V 1 e ,t e
i i,

i( ) ( )= ⋅ −∞
− ⋅� (7)

where e R Csi
1

i= ⋅−  and Rs can be obtained from the I–V char-
acteristics of the device, whereas Vi,∞ can be calculated from 
equation (6). The time constant for this expression has been 
written in terms of emission rate, in order to make it compa-
rable to the term coming from the emission from deep levels 
(usually denoted by en or ep depending on the carrier involved 
in the process). However, the MIS structure does not fully 
behave as its equivalent circuit may suggest, since a change in 
the voltage applied to the semiconductor induces a change in 
the depletion capacitance that further affects the overall shape 
of the measured capacitance transient, which will no longer 
have a simple exponential behavior as in a regular junction 
device.

The charge in the semiconductor, which affects the total 
measured capacitance, depends not only on the applied bias 
but also on the total carrier concentration in the depletion 
region and on the emission and capture processes following a 
change in the applied bias, as shown by

C n t A
q N n t

V V t
,

2
,d

D

bi d
( ) [ ( )]

[ ( )]
=

+
+

ε
� (8)

where

n t N e e t
T

n( ) = × − ⋅� (9)

is the time-dependent carrier concentration due to emptying 
the deep levels after the voltage fill pulse.

We can observe in equation (8) that the capacitance in the 
depletion region is affected both by the changes in voltage 
coming from fill pulses {V td( )} and by the change in carrier 
concentration in the semiconductor {n(t)}. This latter pro-
cesses are the basis for the deep-level spectroscopy techniques, 
and imply the existence of thermal or optical excitation of the 
trapped carriers.

Since the total capacitance that will be measured by the 
experimental system on an MIS structure is the series combi-
nation of the insulator capacitance and depletion capacitance 
(figure 1), we have to combine equations  (1) and (7)–(9), 
yielding a general expression for the transient capacitance 
measured in an MIS diode right after a voltage fill pulse

C t
C

C1

.
V V

q N N

total
i

i

1 1 e

0.5 e

C

C C
t e

t e

bi a
d,

d, i
i

D T
n

( )
( )

( )

⎡
⎣⎢

⎤
⎦⎥

=

+
+ − −

+

∞

∞+
− ⋅

− ⋅ε

�
(10)

In this equation, depending on the relative relation-
ship between the exponential terms, two regimes can be 
distinguished:

	 •	Insulator-dominated regime (e en i� ), where the emission 
from deep levels is faster than the change in voltage, so its 
small-amplitude transient will be undetectable from the 
overall transient, masked by the larger change due to the 
voltage effects.

	 •	Depletion-dominated regime (e en i� ). If the emission 
from deep levels is much slower than the emission from 
the insulator, the voltage will be able to stabilize fast 
enough for the measurement system to be sensitive to the 
emission from deep levels, which is smaller in magnitude.

2.3.  Simulation of DLTS spectra on MIS structures

The two regimes discussed in the previous section, insulator- 
or depletion-dominated, will have different effects on the total 
MIS capacitance and on the voltage drop in the depletion 
region (figure 3).

Figure 3.  Simulated transients from the voltage drop at the 
depletion region (Vd) and total MIS capacitance (CT) for (a) the 
insulator-dominated and (b) the depletion-dominated regimes after 
applying an external fill pulse from 0 to  −1.5 V. White Gaussian 
noise has been added computationally.

J. Phys. D: Appl. Phys. 50 (2017) 065104



A Kurtz et al

5

In the case of the insulator-dominated transient, we can 
observe that the capacitance follows the depletion voltage 
transient, which will be slightly temperature dependent. This 
effect will create a nearly flat DLTS spectrum, as shown in 
figure  4, with no information about the presence of defects 
inside the depletion layer.

In the depletion-dominated regime, as indicated in equa-
tion (10) and figure 4, the amplitude of the simulated change 
in capacitance is reduced from that which will come from a 
non-MIS sample. The height of the peaks will be lowered 
depending on the ratio between the insulator and depletion 
capacitances. In this regime, the emission from deep levels 
close to the edge of the depletion region can be analyzed using 
the theory found in the DLTS literature [1, 16, 24]. Although 
voltage and charge values are related, since the changes in the 
capacitance in the depletion region after emptying the traps 
are assumed to be small ( C C 1d d,/∆ ∞� ), both the insulator 
and depletion region voltages can be presumed constant. 
Therefore, the previously analyzed charge process in the 
insulator capacitor can be neglected, leaving as the dominant 
processes the charge transients present in the depletion region 
following an external voltage pulse.

Because of the serial combination of capacitors, the total 
change in capacitance ( Ctotal∆ ) of the MIS structure after a fill 
pulse will in fact be lower than that of a structure without the 
insulating layer. Using the time-dependent capacitance from 
equation  (10) under the depletion-dominated regime, a gen-
eral expression for the amplitude of the transient, related to 
the amplitude of the depletion transient, can be found as

C C t C t

C C

C C C C C

0

,

total total total

i
2

d

i d, i d, d

( → ) ( )

( )( )

∆ = ∞ − =

=
∆

+ + −∆∞ ∞

�
(11)

which can be rewritten as

C
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C C 1
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C

C

C

C

total

i
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i d,

d
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i

d,

d

d,
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∆

∞
∆

∞

∞ ∞

� (12)

Since C C 1d d,/∆ ∞� , then equation  (12) can be simpli- 
fied to

C C

C
C C C

C

1
,

C

C

d total

total

d, i d,

i
2

i

d,
( )( )

α∆ ≈ ⋅ ∆
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+ +∞ ∞

∞�
(13)

where α is a correctivity factor given by

C C C

C

1
.

C

Cd, i d,

i
2

i

d,
( )( )

α =
+ +∞ ∞

∞� (14)

Once Cd∆  has been determined from the measured Ctotal∆ , 
the trap concentration can be obtained from the regular expres-
sion used in DLTS/DLOS [1, 2, 24]

N N
C

C
2 .T D

d

d,
=

∆

∞
� (15)

The correctivity factor (α) indicates the relative reduction 
in the DLTS magnitude compared with that of a non-MIS 
sample. If 1α≈ , the measurement will nearly perfectly match 
the spectra coming only from the depletion layer, which is 
the regime in which ideally the samples should be designed 
to operate. If α is close to unity, the value for the insulator 
capacitance does not need to be precisely known in order 
to have an accurate measurement of the trap concentration. 
Indeed, the experimental evaluation of this parameter is com-
plicated, since Ci depends on the thickness of the insulating 
layer, which is difficult to obtain. However, because of the 
asymptotic definition of α, a low value of Ci will be sufficient. 

Figure 4.  (a) Effect of the insulator layer under the insulator-dominated regime and reduction in peak height in the depletion-dominated 
regime for various /C Ci d combinations. Spectra obtained from transients with added white Gaussian noise. (b) Arrhenius plot extracted 
for the two traps in (a). The DLTS spectra assumes two traps present at −E 78C  meV and −E 270C  meV with capture cross sections of 
× −2 10 18 cm−2 and × −2 10 16 cm−2, and trap concentrations of of ×2 1014 cm−3 and ×5 1014 cm−3, respectively. A residual carrier 

concentration of ×1 1016 cm−3 is assumed.

J. Phys. D: Appl. Phys. 50 (2017) 065104
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Besides, the limit on the doping level that can be obtained will 
be posed by the material becoming degenerate. This is espe-
cially valuable in the case of surface treatments in which the 
final thickness of the obtained insulating layer is quite thin.

When the insulator and depletion capacitance are similar, 
then 1≉α , and the trap concentration in an MIS diode can 
easily be derived by knowing the values of Ci and Cd,∞. In 
the case of highly doped samples, or more generally those in 
which C Ci d≈ , the measured change in capacitance will be 
lower than that arising purely from the emission from the deep 
level ( 1α> ). Since the accurate evaluation of both Ci and Cd,∞ 
is affected by a large experimental error, the trap concentra-
tions obtained when 1α>  will also show an increased uncer-
tainty in their value. However, although exact calculation of 
the trap densities may not be feasible, a good approximation is 
made possible by knowledge of the relative magnitude of both 
capacitances. Simultaneously, the reduction in amplitude sets 
a limit to the effective sensitivity to trap concentrations. In this 
case, in order to reduce the effect of noise in the measurement, 
advanced correlation techniques, such as Fourier DLTS [25, 
26], can be used to analyze the obtained transients.

The simulated DLTS spectra in figure  4 also show that 
independently of the variation of the peak height, the peak 
temperature positions are not modified. Therefore, the 
Arrhenius plot obtained in an MIS structure will be the same 
as that which would be measured in the absence of the insu-
lating layer (figure 4(b)).

Figure 5 shows the temperature dependence of the correc-
tivity factor for two different cases. In the sample where the 
insulator has a similar capacitance to the depletion layer, the 
measured DLTS spectra (and therefore the trap concentration) 
will be lower by a factor larger than four. On the other hand, 
if Ci is much larger than Cd, the trap concentration obtained 
from the DLTS measurement will be close to the real concen-
tration of the trap obtained from equation (15).

Finally, an additional important effect that should be con-
sidered from the timing point of view is that during the fill 

pulse bias the capture rates are usually much faster than the 
emission rates for a given deep level. This makes the fill pulse 
behave as insulator-dominated, increasing the time needed to 
fully fill the traps by changing the depletion width. Therefore, 
as a general rule, the fill pulse should be set to be stable after 
at least three time constants of the insulator (R Cs i⋅ ) circuit. 
Moreover, for fill-pulse-dependent measurements (normally 
used to differentiate types of defects [27]), the correct analysis 
of the real applied pulse is complicated and will need an accu-
rate knowledge of the capacitances and resistances at different 
temperatures, which are outside the scope of the present work. 
During the fill pulse it is also possible to drive the MIS device 
into accumulation, with the formation of a majority carrier 
layer on the surface. These effects will change the transient 
operation of the device after the fill pulse, and can be useful 
for the measurement of surface states, something that has been 
thoroughly described in the literature [17–20].

3.  DLTS analysis on MIS test structures

Once the general expressions have been modeled and simu-
lated for the transient effects in an MIS structure, this sec-
tion will demonstrate the applicability of this model to MIS 
test devices measured by DLTS. In order to validate the simu-
lations, two homoepitaxial MBE-grown m-ZnO samples were 
processed: an unintentionally (uid) doped ZnO sample and 
a highly doped ZnO:Ga sample. A standard H2O2 treatment 
[14, 16] was performed in both samples prior to the deposi-
tion of a Au layer, obtaining a thin insulating layer which is 
needed to achieve high rectification and that was shown to 
also create an MIS behavior [7, 14, 28]. As can be observed in 
figure 6, without the treatment, even for the undoped sample, 
no rectification is obtained because of the highly conductive 
layer that appears on the surface [15] which yields an Ohmic 
contact. In the samples processed after the treatment, recti-
fication is obtained, which indicates modulation of the band 
bending, and thus the generation of a depletion region that 
can be used for DLTS measurements. C–V profiling yielded 

Figure 5.  Correctivity factor for two cases where the insulator 
capacitance is similar and much larger than the depletion 
capacitance. Two traps are assumed at −E 78C  meV and −E 270C  
meV with capture cross sections of × −2 10 18 cm−2 and × −2 10 16 
cm−2 and trap concentrations of of ×2 1014 cm−3 and ×5 1014 
cm−3, respectively. A residual carrier concentration of ×1 1016 cm−3 
is assumed.

Figure 6.  I–V curves without an insulator and with an insulating 
layer for the undoped ZnO and the highly doped ZnO:Ga samples 
(uid, unintentionally doped).
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a carrier concentration of  ∼1 1016×  cm−3 for the undoped 
sample, whereas the Ga-doped sample shows  ∼1 1018×  
cm−3. Such high doping makes the realization of rectifying 
Schottky diodes extremely difficult, and thus DLTS in such 
highly doped samples is uncommon.

In order to validate the presence of the insulating layer, 
C–V profiles under illumination were performed at low fre-
quencies (1 kHz), driving the sample into a weak inversion 
regime, as shown in figure 7. We can observe that due to the 
photogenerated carriers the shape of the C–V profile changes 
from a depletion shape towards a weak inversion profile from 
an MIS structure on n-type material. This effect has previously 
been described in detail in ZnMgO:N films [7]. From the work 
in [7, 13, 28] the insulating layer is known to be  ∼10 nm thick 
since identical H2O2 treatments were used on ZnO, which will 
yield an insulator capacitance of  ∼250 pF. This, combined 
with the total measured capacitances during the DLTS scans 
(∼10 pF, see below), shows that the correctivity factor is 1α≈  
for these samples.

DLTS was performed on these films with a 50 ms fill 
pulse at 0 V, and a reverse bias of  −1.5 V. The time constant 
of the sample (R C 10s i⋅ ≈  ms) is much lower than the 50 ms 
fill pulse time (∼5 time constants), and thus the traps can be 
assumed to be totally filled, without significant distortion from 
the insulating layer. Figure  8 shows the resulting spectrum 
and Arrhenius plot for the undoped sample, in which three 
intrinsic bulk traps E2, E3 and E4 are observed. Their trap 
characteristics, including energy, capture cross section  and 
concentration, are summarized in table  1. The spectrum is 
dominated by the shallowest trap E2, at E 100C−  meV, and 
with the highest concentration of all traps, N 9.3 10T

14= ×  
cm−3. Trap E3 is deeper, at E 300C−  meV, and has a slightly 
lower concentration (N 4 10T

14= ×  cm−3). Finally, the E4 
level shows a trap concentration of N 2 10T

13= ×  cm−3, over 
three orders of magnitude below the sample carrier concentra-
tion (N 1 10D

16= ×  cm−3), a range which is typically taken as 
the trap detection limit in double boxcar DLTS. These intrinsic 
levels have been previously observed by other authors in ZnO 

grown by different methods [29–32], further emphasizing 
their intrinsic origin, and thus the validity of the measurement 
in a sample with an insulating layer on the surface that does 
not distort the obtained DLTS spectra. Furthermore, since the 
correctivity factor is close to unity, no significant reduction in 
the peak amplitude is produced, and the trap concentration can 
be directly derived from the DLTS spectrum in figure 8.

The highly doped ZnO:Ga sample could not be meas-
ured by the original double boxcar DLTS technique because 
of the low signal-to-noise ratio arising from the high doping 
level. Thus, Fourier DLTS (FDLTS) was used, which yielded 
spectra that were less affected by noise, as shown in figure 9. 
The previously dominant E2 level (N 9.3 10T

14= ×  cm−3 in 
the undoped sample) as well as E4 (N 2 10T

13= ×  cm−3 in the 
undoped sample) no longer appear in the highly doped sample, 
either because they are not present or they are below the detec-
tion limit. However, the FDLTS spectrum and Arrhenius plot 
confirm the presence of the previously observed E3 trap, with 
nearly the same energy, capture cross section and concentra-
tion (N 4 10T

14≈ ×  cm−3), now over three orders of magni-
tude below the carrier concentration. Indeed, the comparison 
of the Arrhenius plot for E3 in both samples (inset of figure 9) 
indicates that it is the same trap, whose concentration is unaf-
fected by the presence of Ga, which in combination with 
results from other authors ([29–32]), further reinforces its 
intrinsic origin.

Table 1 summarizes the results, and we can observe that the 
same intrinsic E3 bulk trap is present in both the undoped and 
highly doped ZnO samples, showing the same trap energy, 
concentration and capture cross section. Thus, as a result of 
the insulating layer induced by the H2O2 treatment, and despite 
the large doping level in the ZnO:Ga sample (N 1 10D

18∼ ×  
cm−3), DLTS could be performed on an MIS structure and the 
trap parameters were fully quantified following the theoretical 
model developed in section 2.

Figure 7.  C–V profile under illumination for the undoped sample at 
1 kHz. The inset shows the effect of the inversion layer. Figure 8.  DLTS measurement (Rate Window  =  2 s−1) for the 

undoped ZnO sample. Vr  =  −1.5 V, =V 0fill  V, =t 50fill  ms. The 
measurement was performed using the double boxcar analysis. 
Inset: Arrhenius plot showing the three obtained levels.
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4.  Conclusions

In this work we have developed and tested a theoretical 
model to allow the realization of deep-level spectroscopy 
techniques on MIS structures, addressing both the steady 
state behavior and transient operation after an electrical fill 
pulse. The dynamics of the device are highly dependent on 
the proportional relationship between the insulator and deple-
tion capacitances, as summarized by the correctivity factor 
(α) shown in equation  (14). This parameter offers a quick 
indication of the similarity of the obtained measurement with 
that from a sample in which a Schottky diode was processed 
without the insulating layer. If the insulator capacitance is 
large enough (much larger than the depletion capacitance), its 
exact value does not need to be precisely known in order to 
get accurate measurements of the trap concentrations. Also, 
the timing constraints that this layer induce have been ana-
lyzed, obtaining two different regimes under which the device 
can operate when pulsed electrically: insulator-dominated 
(e en i� ) and depletion-dominated (e en i� ). In the first one, 
the voltage transient coming from the charge and discharge 
processes in the insulator dominates the transient operation of 
the MIS device, masking the transient generated by the emis-
sion of carriers from the deep levels. Under the depletion-
dominated regime, as has been simulated for DLTS, only a 
reduction in amplitude is obtained that can be neglected under 
the right conditions ( 1α≈ ), but the time dependence of the 

traps is unmodified as is the Arrhenius plot and the param
eters extracted from it: capture cross section and trap energy. 
Lastly, in order to maintain the operation of the device under 
the depletion mode, the MIS threshold voltage should be con-
sidered, especially if measuring at low frequencies, so the 
device does not shift to the inversion mode.

This theoretical model has been validated with MIS devices 
processed on two ZnO samples, an undoped one (N 1 10D

16∼ ×  
cm−3) and another one highly doped with Ga (N 1 10D

18∼ ×  
cm−3). By means of a low-frequency C–V profile under near-
bandgap illumination, the presence of the insulating layer was 
assessed, and DLTS and FDLTS measurements were per-
formed on both samples. Three intrinsic defects were obtained 
for the undoped sample, with one of them also being observ-
able in the highly doped sample. This level, labeled E3 in the 
literature [29–31], shows the same trap energy, concentration 
and capture cross section  in both samples, which is a clear 
indication of the validity of a DLTS measurement in an MIS 
device processed in a highly doped sample. The method of cre-
ating this insulating layer in order to allow the measurement of 
such materials has thus proven valuable and can be extended to 
other materials and/or dopants.
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