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In this work, plasma enhanced atomic layer deposited (PE-ALD) samples were prepared at

substrate temperatures in the range between room temperature (RT) and 200 �C and investigated by

capacitance–voltage and conductance–voltage recordings. The measurements are compared to

standard thermal atomic layer deposition (T-ALD) at 200 �C. Very low interface state density (Dit)

�1011 eV�1 cm�2 could be achieved for the PE-ALD process at 200 �C substrate temperature after

postdeposition anneal (PDA) in forming gas at 450 �C. The PDA works very effectively for both

the PE-ALD and T-ALD at 200 �C substrate temperature delivering also similar values of negative

fixed charge density (Nfix) around �2.5� 1012 cm�2. At the substrate temperature of 150 �C,

highest Nfix (�2.9� 1012 cm�2) and moderate Dit (2.7� 1011 eV�1 cm�2) values were observed.

The as deposited PE-ALD layer at RT shows both low Dit in the range of (1 to 3)� 1011 eV�1

cm�2 and low Nfix (�4.4� 1011 cm�2) at the same time. The dependencies of Nfix, Dit, and

relative permittivity on the substrate temperatures and its adjustability are discussed. VC 2014
American Vacuum Society. [http://dx.doi.org/10.1116/1.4831897]

I. INTRODUCTION

The excellent properties of atomic layer deposition

(ALD) growth such as high conformability over high surface

area materials, uniformity, and self termination were benefi-

cially used in several applications requiring thin film

depositions.1–6

Thin aluminum oxide (Al2O3) layers deposited by ALD

have been demonstrated in energy conversion and micro-

electronic devices.3,7–19 In particular effects such as surface

passivation or encapsulation in photovoltaic devices,3,7 inter-

facial buffering for high-k dielectrics,8,9 organic memories,10

and nanolaminates,11 work function modification,12 or gas

diffusion limitation13 could be used in order to improve the

device performances. Furthermore, ALD prepared Al2O3

layers are used as gate dielectrics in graphene based elec-

tronics.14 There is also a growing interest on the usage of

ultrathin Al2O3 ALD layers in electrochemical energy gener-

ation and storage systems15 such as dye sensitized solar

cells,16,17 water splitting devices,18 or lithium ion batteries.19

For most of these applications, the interface quality between

the substrate and the ALD layer plays a crucial role for

the device performance. This includes, for example, the

interface trap density (Dit), affecting strongly the resulting

mobility in field effect devices due to recombination. In

order to reduce the recombination rate, chemical passivation

(reduction of the Dit) or field effect passivation can be

applied.3 For the latter, the unique property of Al2O3 to build

a negative fixed net charge is used. For example, in Si photo-

voltaics, both surface passivation schemes are used for the

rear contact on p-type solar cell (with other positive side

effects due to ALD properties such as better internal reflec-

tion) and for pþ-emitters in n-type solar cell, respectively.3

Furthermore, the permittivity is an important parameter in

order to reduce the equivalent oxide thickness in shrinkage

driven microelectronics or to optimize the distribution of the

electrical field over gate stacks in high power and high tem-

perature devices.8

The typical precursors for the thermal ALD (T-ALD) of

Al2O3 are trimethylaluminum (TMA) as metal source and

water as oxygen source.2,3,20 In plasma enhanced ALD

(PE-ALD), water is replaced by a plasma exposure (O2 and

O3),3,4,20 extending the capabilities of ALD such as improved

film quality and increased flexibility in process conditions.4,20

PE-ALD is preferred over T-ALD for deposition at low tem-

peratures, allowing the coating of organic semiconductor devi-

ces and thermally fragile substrates.2,4,7,13 This fact is mainly

based on the extremely increased purge times to remove water

from the T-ALD system.2,3,13 Also the purge time after TMA

semicycle is reported to be increased by a factor of 4 in

T-ALD near room temperature,2,13 hindering high throughput

for industrial scale. In the T-ALD process, next choice is the

TMA-ozone process as it is feasible, in particular, in micro-

electronic batch processing, and shows improved dielectric

behavior of gate insulator when compared to the TMA-water

process as discussed in several works.3,21–23 This is due to thea)Electronic mail: henkel@tu-cottbus.de
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reduction of metallic cluster formation and OH incorporation.

Also for gate dielectrics on graphene, the TMA-ozone process

showed better homogeneities compared to TMA-water.14

However, conformal deposition in 3D structures is an issue in

both the T-ALD TMA-water and the PE-ALD due to high sur-

face recombination probability of reactive species (oxygen

and hydrogen), particularly at elevated temperatures, limiting

the applicable aspect ratio to be deposited.24 One way to

reduce the recombination losses might be the reduction of the

process temperature, when good deposition homogeneity over

the full wafer area can be achieved.

Recently, Dingemans and Kessels have reviewed the state

of the art of Al2O3 layers prepared by ALD and their surface

passivation facilities for silicon solar cells.3 This review also

includes the discussion of Dit and negative fixed charge den-

sity (Nfix) values for PE-ALD layers. Regarding temperature

influence, these parameters are discussed in dependence of a

postdeposition annealing (PDA) step in this review.

However, the influence of the substrate temperature is only

shown in terms of the growth rate and aluminum content

within the layer. The Dit and Nfix values are in general dis-

cussed at fixed substrate temperatures in order to compare it

with the T-ALD at the same temperature in several works of

the Kessels group.25–27 Also other authors reported about the

comparison of electrical parameters between T-ALD and

PE-ALD layers and found significant differences, but also

here the substrate temperatures were fixed.9,21,28

Nevertheless, Dingemans et al.29 reported about the surface

passivation of the Si/SiO2 interface by an Al2O3 PE-ALD layer

in an ALD substrate temperature range between 50 �C and

400 �C. They found that the combination of substrate tempera-

ture in the range of 100 �C–200 �C and PDA temperature at

400 �C–500 �C leads to the lowest values of the surface recom-

bination velocity.29

In this work, we evaluate data recorded by capacitance–

voltage (CV) and conductance–voltage (GV) measurements

on Al2O3 layers prepared by PE-ALD in the substrate tem-

perature range from 200 �C downwards to room temperature

(RT). The used SENTECH ALD system SI ALD LL is appli-

cable for both PE-ALD and T-ALD processes, avoiding

probable influences caused by variations of different ALD

systems. We compare Dit, Nfix, and permittivity data with the

typical T-ALD process at 200 �C. In a recent paper,30 we

have already reported a comparative study of these layers by

means of spectroscopic ellipsometry and x-ray photoelectron

spectroscopy (XPS). We found very good homogeneities

over 4 in. Si wafers with deviations of less than 1% or only

slightly above 1% for substrate temperatures above 100 �C
and below 100 �C, respectively, at a layer thickness of about

50 nm. This might be a positive hint regarding the allowance

of lower substrate temperatures for the reduction of the

recombination probability as discussed above. In addition,

we observed oxygen to aluminum elemental ratios very close

to expected stoichiometric value of 1.5 and refractive index

of 1.64 at 200 �C for both PE-ALD and T-ALD. The

PE-ALD process at this temperature is accompanied by

increased growth rate (1.2 Å/cycle in comparison to

0.8 Å/cycle in the T-ALD) and reduced carbon contamina-

tions (see Table I).30 The reduction of the PE-ALD deposi-

tion temperature down to RT led to a decrease of the

refractive index and oxygen to aluminum elemental ratio

(see Table I) and an increase of the growth rate (1.4 Å/cycle

at 80 �C and 2.0 Å/cycle at RT) whereas, as mentioned

above, the homogeneity of the film growth is not signifi-

cantly influenced.30 In addition, binding energy shifts in the

O1s and Al2p core levels corresponding probably to the

appearance of fixed charges were also found in our XPS data

of the PE-ALD samples at higher substrate temperatures.30

The aim of this contribution is to show whether the elec-

trical parameters can be controlled by the variation of the

substrate temperature in the PE-ALD process in the investi-

gated temperature range RT�T� 200 �C.

II. EXPERIMENT

Figure 1 shows schematically SENTECH’s ALD reactor.

It is equipped with a capacitive coupled plasma (CCP)

source for the PE-ALD processes. The true remote CCP

source (13.56 MHz) is connected to the upper flange of the

ALD reactor. The substrate is placed outside of the plasma

generation region during the deposition process. Hence, a

layer bombardment with destructive ions is avoided, and the

surface does not see the light from plasma generation region.

In addition, the CCP source is pulsed with constant matching

parameters, allowing very efficient and stable pulse during

the deposition process. The substrate shuck, reactor, and pre-

cursor lines are heated, and the substrate temperature can be

varied between RT and 500 �C whereas the precursor lines

and the reactor can be heated up to 200 �C and 150 �C,

TABLE I. Overview of the samples characterized in this work. The determination of the inhomogeneity, oxygen to aluminum elemental ratio (O/Al), carbon

content (C), and refractive index (n) is described in detail in Ref. 30. The refractive index given here was determined on thicker layers (50 nm). Please note

that we observed better homogeneity values on thicker layers of about 50 nm (see text and Ref. 30). The O/Al values are based on core level peak decomposi-

tions taking into account the Al-O bonds.

Process T (�C) tAl2O3
(nm) Inhomogeneity (%) O/Al (Ref. 30) C (Ref. 30) (%) n (Ref. 30) thick layers Sample name in text

T-ALD 200 8.24 0.9 1.46 11.4 1.64 T200

PE-ALD 200 9.66 0.98 (Ref. 30) 1.47 7.8 1.64 P200

PE-ALD 150 10.74 1.3 (Ref. 30) n.d. n.d. 1.62 P150

PE-ALD 100 10.38 1.6 (Ref. 30) n.d. n.d. 1.60 P100

PE-ALD 80 9.41 2.5 (Ref. 30) 1.32 14.0 1.59 P80

PE-ALD 27 (RT) 9.78 3.8 (Ref. 30) 1.20 14.2 1.56 PRT
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respectively. The reactor enables the coating of substrates

and wafers with a diameter of up to 200 mm.

n-type Si (100) wafers of 4 in. having a resistivity of 1–30 X
cm were used as substrates. The T-ALD reference sample

(labeled as T200) was prepared at 200 �C. Nitrogen (N2) was

used as carrier gas for TMA and H2O setting a constant flow

rate of 120 sccm and applying pulse duration of 60 ms for both

precursors. The process pressure was 12 Pa.

PE-ALD Al2O3 layers of around 10 nm were produced at

substrate temperatures of 27 �C (RT), 80 �C, 100 �C, 150 �C,

and 200 �C. Table I summarizes the studied layers in this

work. The samples are named PRT, P80, P100, P150, and P200.

N2 (40 sccm) was used as carrier gas for TMA, while atomic

oxygen was generated by the CCP source with a constant ox-

ygen flow rate of 75 sccm controlled by a mass flow control-

ler. The following pulse durations were chosen: for the TMA

120 ms; for the oxygen step 5 s at 200 �C, 6 s at 80 �C, and

7 s at RT. The plasma source was operated in a pulsed mode

with a power of 100 W except the RT sample where 50 W

were applied. The process pressure was 20 Pa.

The film thickness of the Al2O3 layer was determined by

spectroscopic ellipsometry within the UV-VIS range (SE

800 from SENTECH Instruments GmbH).30 The modeling

of the Al2O3 layer was performed, assuming a constant

1.5 nm native SiO2 on top of the Si wafer.3,30

For electrical measurement, pieces of 1 cm� 1 cm were

cut from the middle of the wafers after the ALD process and

ellipsometric thickness determination. In cases where PDA

was performed, such pieces were annealed at 450 �C for

30 min in a forming gas atmosphere (5% hydrogen and 95%

nitrogen). In order to avoid different process conditions in

different annealing runs, the PDA was performed with all

samples in one run. Metal–insulator–semiconductor (MIS)

stacks were finalized by the evaporation of aluminum con-

tacts using shadow masks with diameters between 300 lm

and 800 lm. The final contact diameter was determined indi-

vidually for every used contact by an optical microscope.

CV and GV curves at different frequencies were recorded

on MIS structures by a set-up based on a LCR meter Agilent

4284A.31 A slow ramp of 25 mV/s was applied for the DC

biasing. This bias was superposed by an AC signal of 25 mV

(RMS), which was set to 1 MHz, 100 kHz, 10 kHz, 1 kHz,

and 100 Hz, respectively. The voltage stressing was started

in inversion in order to avoid influences of probable charge

injections in accumulation. The measurements were con-

ducted at different contact areas allowing the permittivity

determination as described below and an averaging of the

Nfix and Dit values.

III. RESULTS AND DISCUSSION

A. Reference T-ALD sample

First, we report on the results on the reference T-ALD

sample T200. This sample is used to compare the T-ALD and

PE-ALD and also to explain in more detail the calculations

done in this work. Figure 2 depicts the CV recorded at

1 MHz on contacts of different area after the procedure of

bulk resistance correction.32 As the data are normalized to

the contact area, they suggest a good homogeneity over the

investigated wafer size in agreement with the excellent

thickness distribution found in the ellipsometric characteri-

zation on these wafers.30 These data at 1 MHz were used to

determine the flatband voltage (VFB) and the fixed charge

density. Here, it has to be denoted that these measurements

have been chosen because the 1 MHz run was every time the

first measurement in the set. Additionally, the measurements

have been started in inversion. Both facts should help to

neglect the influence of charge injection affecting the real

value of the VFB position. In fact, hystereris (clockwise) in

the CV data (1 MHz) was observed when the voltage was

swept backwards to inversion with a shift of the CV curve of

0.25 V toward positive voltage direction. This corresponds to

negative charge injection in accumulation. The observed

hysteresis behavior is not the main focus of this work.

Moreover, the effect of electrode band alignment in order to

avoid charge injections has not been considered too. In addi-

tion, as can be seen in Fig. 2, there is not a pronounced

stretch-out of the CV curve at this frequency; therefore, a

probable influence of rechargeable interface states onto the

VFB was neglected. Also, the choice of the value for the

FIG. 1. Reactor and CCP source of the SENTECH ALD system: SI ALD

LL.

FIG. 2. CV measurements at 1 MHz on the as deposited T200 sample at con-

tacts with different diameters as labeled in the legend. The capacitance is

normalized to the contact area.
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metal–semiconductor work function difference (UMS) is

influencing the theoretical value of VFB. These facts give

surely some uncertainty in the resulting value of the fixed

oxide charges, but the aim of this work is to show trends in

dependence of the temperature.

In order to define VFB, the theoretical semiconductor flat-

band capacitance was estimated by using the resistivity

determined from CV data by the depletion approximation.33

The doping was calculated to be (6.8 6 0.8)� 1014 cm�3 for

this sample corresponding to a resistivity of 5.9 to 7.5 X cm

(within the range as given by the manufacturer of the Si sub-

strate). The resulting MIS flatband capacitance was finally

determined by the serial combination of the capacitances of

the semiconductor at flatband condition and the oxide capac-

itance taken from the accumulation (Cacc), leading to a value

of (60 6 5) nF/cm2. The corresponding flatband voltage was

afterwards referred to that value of capacitance in the CV

data. From this value, the fixed oxide charge density is

deduced by Eq. (1) using the assumptions given above

Nfix �
X

Q

A
¼ UMS � VFB

e

Cacc

A
; (1)

where A and e are the contact area and elementary charge,

respectively. UMS is estimated by assuming a vacuum work

function of aluminum of 4.2 eV,34 using an electron affinity

for Si of 4.05 eV,33 and calculating the Fermi level position

of Si based on the doping33 to be 250 meV below the con-

duction band minimum. This results in UMS¼�0.1 eV.

As it is obvious in Fig. 2, the sample T200 in the as pre-

pared state exhibits a flatband voltage almost around zero.

Taking into account the aforementioned UMS, a resulting

fixed charge density of (�2.3 6 0.7)� 1011 cm�2 can be

reported for this sample. It is in the typical order of magni-

tude reported in literature for T-ALD at this temperature.3,26

After the PDA step, this value increased by around one order

of magnitude to (�2.5 6 0.05)� 1012 cm�2 (see also Fig. 3)

also consistent with literature.3,26,27 Al2O3 can have two

bonding environments for the Al atoms, tetrahedrally and

octahedrally coordinated Al with a charge of �3 and þ3,

respectively.35 The former one can be counted as an Al va-

cancy; it can react with an oxygen atom from the SiO2 inter-

face, leading to a net negative charge.3,35 Moreover, also

oxygen interstitials may be responsible for the net negative

fixed charge.3 The origin of this negative fixed charge is still

under discussion in the literature.3 The significant change of

the Nfix value for the T200 sample might be attributed to

structural changes of the Al2O3 layer and the accompanied

bonding environment of Al. In the CV data after annealing

(see below), we have hints for the hypothesis that a densifi-

cation of the layers during annealing occurred, which might

be responsible for structural changes. Furthermore, we found

a change of the hysteretic behavior in the CV curves

(1 MHz) after PDA. Here we observe a counterclockwise

hysteresis when driving the voltage backwards to inversion

(0.23 V).

Next, we report on the interface state density of the T200

sample. In Fig. 3, the CV and GV characteristics recorded at

1 kHz on the T200 sample in the as deposited state and after

the PDA are shown. Two effects can be observed in these

data. First, the aforementioned shift in the flatband voltage

toward higher positive values after the PDA procedure can

be clearly seen corresponding to an increase of negative Nfix.

Second, the effect of chemical surface passivation due to the

PDA by hydrogen is evident in both CV and GV data. The

CV data of the as deposited T200 sample exhibit a distinct

stretch-out in the CV data with a shoulderlike characteristic.

After annealing, such a behavior is not found. Furthermore,

the CV curve in the inversion region follows a typical low

frequency behavior. Both facts correspond to a surface passi-

vation due to the annealing and a resulting reduction of the

surface recombination rate. The reduction of the Dit value is

qualitatively evident by the diminishing of the distinct

stretch-out in the CV data (which can also be used to deduce

Dit quantitatively). In the inversion regime of the CV record-

ing, the form of the curve depends on the applied frequency.

If the minority carriers can follow the applied AC signal

(low frequency behavior), the capacitance values shows up

ideally to a value of the oxide capacitance comparable to the

accumulation regime; otherwise, the capacitance stays low

constantly (high frequency behavior) as a further growth of

the depletion region is screened.32,33 The low frequency like

behavior of the CV data of the T200 after PDA points out that

the minority charge carrier lifetime is increased distinctly.

Notable, even at 10 kHz, we observe an almost low fre-

quency like behavior in the CV loop within the inversion

regime.

In the GV data, interface states are evident by kinks or

maxima within the characteristics in the depletion region

where these states can be charged and recharged during the

voltage sweep. This leads to corresponding conductance sig-

nals, which are maximized when the AC frequency equals

the inverse trap time constants.32 In our data, clear maxima

are evident in both samples: the as deposited and the PDA

treated one. In the kind of normalization of the conductance

shown in Fig. 3, the height of the signals corresponds

directly to the value of the interface state density. We can

FIG. 3. (Color online) CV (thin lines, right axis) and GV (thick lines, left

axis) measurements at 1 kHz on the as deposited (dashed and dotted lines,

online blue) and annealed (solid lines, online red) T200 sample. The points

marked with “M” correspond to maxima, which were used for the Dit deter-

mination. The Gp/x (x: angular frequency) and capacitance values are nor-

malized to the accumulation capacitance.
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clearly conclude that the Dit is reduced by more than one

order of magnitude after the PDA. The Dit can be calculated

by the maxima of the peak as follows:32

Dit ¼
2
���
Gp

x

���
max

e2A
: (2)

It has to be stated that we have not taking into account

any interface broadening.32 Furthermore, it has to be denoted

that the GV data show that the Al2O3 layer is leaky; there-

fore, the conductance data are superimposed by leakage cur-

rent signals, particularly when the voltage is swept toward

the accumulation region where a very strong increase of the

conductance is observed. Therefore, only to be considered

conductance data in a narrow range of depletion are shown

in Fig. 3. Using Eq. (2), a distinct reduction of the mean Dit

from 1.5� 1012 eV�1 cm�2 to 3.4� 1010 eV�1 cm�2 after

the PDA is observed. It has to be stated that the width of the

Gp/x peak is even higher in the as deposited sample.

Therefore, we argue that the improvement of Dit is even bet-

ter than reflected by the values calculated just by the Gp/x
maxima. Compared to other reports,3,26 the Dit of the as de-

posited sample is relatively high. This might be due to the

fact that no special surface treatment prior the ALD deposi-

tion was performed in our present work. Nevertheless, the

Dit after PDA is excitingly low for our T200 sample and in

the same order of magnitude or even lower than in the

literature.3,26

The relative permittivity of the Al2O3 layer (kAl2O3
) was

determined by plotting the normalized accumulation capaci-

tance versus the contact area. Using the serial combination

of capacitances and the plate capacitor approximation, the

following equation can be developed:

Cacc � dAl2O3

e0

¼ 1

1

kAl2O3

þ dSiO2

dAl2O3

1

kSiO2

� A; (3)

where dAl2O3
is the thickness of the Al2O3 layer, dSiO2

and

kSiO2
are the thickness and relative permittivity of the interfa-

cial SiO2 and e0 is the vacuum permittivity. From Eq. (3), it

is evident that the normalized Cacc value shows a linear de-

pendence on the contact area. Therefore, the permittivity of

the Al2O3 can be calculated from the slope of a linear fit to

these data. The normalization of Cacc serves as a guide for

the eyes as the relative permittivity of Al2O3 can be read out

almost directly from the plot in that way; when dSiO2
can be

neglected, it corresponds directly to the slope. Furthermore,

this kind of investigation on several contacts (with different

diameters) avoids the discussion of results just from a single

measurement. The according data of the as prepared T200

sample are shown in Fig. 4. Here, the 10 kHz data are used

because a probable influence of the bulk resistance correc-

tion can be neglected at this frequency.32 As shown in Fig. 2,

the accumulation area capacitance of the sample T200 was

quite similar on contacts of different geometrical sizes

reflected also in an almost ideal linear behavior of the data in

Fig. 4. From the slope of the performed linear fit, a relative

permittivity value of 6.2 for the as deposited T200 layer was

deduced, assuming a SiO2 thickness of 1.5 nm as modeled in

the ellipsometric characterization of the wafers.30 The result

is consistent with other findings in literature, where Groner

et al. reported a value of 5.9 (Ref. 36) (thickness 12 nm, at

177 �C substrate temperature) whereas Jinesh et al. found a

value of 6.7 (Ref. 25) (in thickness range of 10–40 nm, at

300 �C).

After annealing, we observed particularly in the sample

T200 a strong decrease of the accumulation capacitance, as

evident from the inset in Fig. 4 where a comparison of Cacc

versus the contact area before and after the PDA is depicted.

The dependence is still linear pointing out good homogene-

ity. In the literature, no or only a small increase of the inter-

facial SiO2 is found in TEM investigations after annealing at

such temperatures.3,37 Furthermore, the SiO2 thickness is

only around 10% of the overall thickness. Even if it would

be increased significantly, the influence onto the overall ca-

pacitance could not be as high as our data are reduced.

Therefore, we believe that a strong densification of the layers

occurred during annealing, hampering permittivity calcula-

tion of the annealed samples without additional ellipsometric

modeling.

Concluding this paragraph, compared to other

works,3,25–27,36 the T200 sample exhibits very typical Dit,

Nfix, and kAl2O3
values. Also, the refractive index of 1.64

(Ref. 30) reflects a typical value,3 and the O/Al ratio is close

to stoichiometric value.30 Therefore, this sample shows the

applicability of the ALD reactor and is used as a reference

system for the comparison to the PE-ALD layers.

B. PE-ALD samples

In this section, we will report on the determination of

Nfix, Dit, and kAl2O3
for the PE-ALD samples prepared at dif-

ferent substrate temperatures in the range of 200 �C down-

wards to room temperature based on the analysis discussed

FIG. 4. (Color online) Normalized accumulation capacitance versus contact

area according to Eq. (3) for the as deposited sample T200. The data are

taken from the 10 kHz CV measurements. The line represents the corre-

sponding linear fit used for permittivity determination [Eq. (3)]. The inset

compares the accumulation capacitance without (open circles, online blue)

and after (filled circles, online red) PDA procedure.
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in Sec. III A. Examples of measurements and data analysis

are shown for the samples P200, P80, and PRT, whereas the

derived substrate temperature dependencies are shown for

all samples.

Figure 5 depicts the CV data recorded at 1 MHz for the

aforementioned samples before and after the PDA. In the as

deposited samples, high positive flatband voltages can be

observed except in the sample PRT. This points out that the

PE-ALD process delivers higher negative fixed charge den-

sities in the as deposited state compared to the T-ALD. This

effect has been already reported in literature.3 Also, contrary

to the T-ALD, after annealing, all samples, despite the PRT,

show a shift of the CV curve toward negative voltage direc-

tion, reflecting a reduction of the negative fixed charge den-

sity. This is in contrast to the reports of the Kessels group in

Refs. 3 and 26, where an increase of Nfix after PDA is found

(deposition temperature 200 �C);3,26 however, in another

work of this group, a decrease of Nfix is observed after the

annealing (here the substrate temperature was 300 �C).25 It

reveals the necessity of optimization of process and anneal-

ing conditions for desired requirements. However, the PRT

shows a different behavior, it exhibits a low flatband voltage

shift in the as deposited state, which is increased after the

PDA corresponding to Nfix values of �9.5� 1011 cm�2 and

�4.4� 1011 cm�2 with and without PDA, respectively.

The as deposited PE-ALD samples exhibit stronger hys-

teresis (clockwise) than the T200 sample with values of 0.9 V

(P200), 0.4 V (P80), and 1.2 V (PRT). As in the T-ALD sam-

ple, the direction of the hysteresis changed from clockwise

to counterclockwise after the PDA accompanied by a strong

reduction of its value, where 0.1 V (P200 and P80) and 0.5 V

(PRT) have been observed.

Figure 6 summarizes the Nfix data for the PE-ALD sample

set (i.e., in dependence of the substrate temperature) in the

as deposited and annealed states. For comparison, the values

of T200 are included. They underline the aforementioned fact

of the annealing influence onto Nfix accompanied by its

reduction for substrate temperatures T 	 80 �C. In contrast,

the T200 and PRT show different behaviors; here, the negative

fixed charge density is low after deposition and increases by

the annealing as already reported above.

By looking onto the evolution of Nfix with the substrate

temperature, we conclude that in the as deposited state, Nfix

is more or less constant at temperatures between 80 �C
and 200 �C within the range of �4.3� 1012 cm�2 to

�6.1� 1012 cm�2; but it drops down significantly by one

order of magnitude to �4.4� 1011 cm�2 at RT. It should be

noted that the PRT layer was deposited using a lower plasma

power (50 W) compared to all other samples of the PE-ALD

set where a fixed power (100 W) was used. Hence, the Nfix in

the as deposited samples might be distinctly influenced by

the plasma power.

In our XPS investigations on selected as deposited sam-

ples,30 we have observed binding energy shifts in the O1s

and Al2p core levels for the P80 and P200 when compared to

the T200 sample whereas the binding energy of the PRT sam-

ple remains near that one of T200. This agrees with the data

in Fig. 6 as fixed charges delivering bend bending should

have an influence onto the measured binding energy.

After the PDA, Nfix seems to scale slightly with the sub-

strate temperature in the PE-ALD process. Nfix of the

annealed samples increases versus the temperature starting

with �9.5� 1011 cm�2 at RT and reaching a maximum of

�2.9� 1012 cm�2 at 150 �C. This opens the possibility to

tune Nfix for desired requirements. Our Nfix values are within

the typical range reported in the literature for the PE-ALD

process.3,25–27 Interestingly, the T200 and P200 samples ex-

hibit a very similar Nfix of about �2.5� 1012 cm�2 after the

PDA.

Next, we report on the substrate temperature dependence

of the interface state density. First, we discuss the CV and

GV dependence on selected samples. Figure 7 reflects CV

and GV data at 10 kHz of the P200 sample. The data are illus-

trated in the same way as done for the T200 sample (refer

Fig. 3). The CV curve of the as deposited sample P200 shows

a high positive flatband voltage corresponding to the high

negative Nfix value discussed above (Fig. 6). Furthermore, it

shows no distinct stretch-out in the depletion region. This

FIG. 5. (Color online) CV measurements at 1 MHz on the as deposited (a)

and annealed (b) samples P200 (solid line, online black), P80 (dashed line,

online green), and PRT (dotted line, online magenta).

FIG. 6. (Color online) Negative fixed charge density in dependence of the

substrate temperature for the as deposited (open triangles, online blue) and

annealed (filled triangles, online red) PE-ALD sample sets. For comparison,

the values for the sample T200 in the as deposited state (open circle, online

blue) and after the PDA (filled circle, online red) are depicted too.
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could correspond to low Dit values; however, the conduct-

ance values are quite high due to leakage current. Therefore,

no conductance peak is observed, and it is not possible to

determine Dit. This is true for all as deposited samples of the

PE-ALD sample set despite the PRT. After annealing, we

observe a very nice low frequency like curvature in the CV

data of the P200 sample similar to that of the thermal ALD. It

should be accented that here the 10 kHz CV characteristic is

shown. It reflects a strong improvement of the lifetime of the

minority charge carriers. Furthermore, a shift of the flatband

voltage to smaller positive values corresponding to a reduc-

tion of the negative fixed oxide charge density as discussed

above (Fig. 6) for the PE-ALD layers is evident. The GV

data of the sample P200 after PDA show further a peak in

depletion corresponding to an estimated [Eq. (2)] mean Dit

of 1.1� 1011 eV�1 cm�2 for this sample in agreement with

values reached under similar process conditions (substrate

and annealing temperatures) in the literature.3,26

In Fig. 8, the CV and GV data at 10 kHz are depicted for

the PRT sample. As discussed above, the fixed charge density

of the as deposited sample is lower as indicated by the flat-

band voltage near zero. In deep depletion, the CV curve

shows a stretch-out, which is also reflected by a kink in the

GV characteristic. After annealing, the CV curve is shifted

toward positive voltage direction equivalent to an increase

of negative Nfix value (refer Fig. 6). It shows also the low

frequency like behavior in inversion as also reported above

for the annealed P200 and T200 samples, indicating increased

minority charge carrier lifetimes. A stretch-out of the CV

curve with an accompanied kink in the GV data is observed

too but here in more weakly depletion. However, the inten-

sity of the peak seems to be higher than before the PDA.

Therefore, it might be that the Dit is lower for the as depos-

ited sample than after the PDA step. However, high leakage

current might influence this conclusion strongly. The inspec-

tion of the implied further development of the conductance

curve when driving the semiconductor toward accumulation

suggests that for the as deposited sample the starting slope

after the kink is much steeper than for the PDA sample. So,

a superposition caused by the leakage might have a stronger

influence and lead to misinterpretation. Nevertheless, we

have measured the GV not only at one contact of this sample

and found even more pronounced peaks at other contacts

than shown here; but the order of magnitude was always the

same. Therefore, a Dit of about 1.4� 1011 eV�1 cm�2 to

2.7� 1011 eV�1 cm�2 is roughly estimated for the as depos-

ited PRT sample. This low Dit value sounds very interesting

(as it is attended by low Nfix too), but surely needs further

investigations to be clarified and affirmed. As mentioned in

Nfix discussion, the plasma power for the PRT deposition was

lower than in the other samples; therefore, a weaker influ-

ence of vacuum ultraviolet (VUV) radiation onto the inter-

face quality26 of the as deposited PRT sample is reasonable.

After annealing, the Dit of the PRT sample shows up a mean

value of 1.2� 1012 eV�1 cm�2.

As discussed in Figs. 7 and 8, the determination of the Dit

for the as deposited samples by the GV method for our

PE-ALD sample set is difficult. Only the PRT sample showed

up a peak in the GV data. However, for the annealed sample

set, it was possible to determine Dit for all investigated sub-

strate temperatures. The Dit in dependence of the substrate

temperature for the annealed samples is summarized in

Fig. 9. It is obvious that up to a substrate temperature of

FIG. 7. (Color online) CV (thin lines, right axis) and GV (thick lines, left

axis) measurements at 10 kHz on the as deposited (dashed and dotted lines,

online blue) and annealed (solid lines, online red) P200 sample. For further

details, refer to Fig. 3 caption.

FIG. 8. (Color online) CV (thin lines, right axis) and GV (thick lines, left

axis) measurements at 10 kHz on the as deposited (dotted and dashed lines,

online blue) and annealed (solid lines, online red) PRT sample. For further

details, refer to Fig. 3 caption.

FIG. 9. (Color online) Interface state density in dependence of the substrate

temperature for annealed (filled triangles, online red) PE-ALD sample set.

For comparison, the value for the annealed sample T200 (filled circle, online

red) is depicted too.
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100 �C, the Dit remains constantly high in the order of

around 1012 eV�1 cm�2. The Dit is significantly reduced by

one order of magnitude in the temperature range between

100 �C and 200 �C. This reduction looks quite linearly in

logarithmic scaling, indicating an exponential dependence;

however, more sampling points would be needed to support

this finding unambiguously. It was shown in literature that

the interface of the as deposited PE-ALD samples is affected

by VUV radiation due to the plasma exposure,3,26 leading to

high Dit values. In our work, we could not unambiguously

determine the Dit of the as prepared samples. Nevertheless,

the Dit is reduced clearly by the annealing in hydrogen

atmosphere (passivation of Si dangling bonds such as

Pb-type defects) as shown exemplarily for the P200 sample

(Fig. 7), exhibiting a low value �1011 eV�1 cm�2, consis-

tently with literature.3,26 Figure 9 displays also the value of

Dit of the T200 sample after PDA for comparison. For both

PE-ALD and T-ALD at 200 �C substrate temperature, the

chemical passivation due to hydrogen anneal works very

effectively.

Finally, we show the results concerning the permittivity

of the as deposited PE-ALD sample set. As stated for the

T200 sample (refer to the discussion regarding Fig. 4), we

could not yet determine the permittivity for the annealed

samples without additional ellipsometric thickness modeling

due to a strong reduction of the accumulation capacitance af-

ter the PDA. This behavior is also observed in the data of the

annealed PE-ALD layers. Therefore, only the as deposited

samples are discussed concerning the permittivity of the

PE-ALD layers. We note that the strongest reduction of the

accumulation capacitance in the annealed PE-ALD sample

set most probably caused by a layer densification was

observed in the P200 with a reduction factor of 1.7, whereas

in all other samples, it was reduced by a factor of 1.3–1.4.

For comparison, the T200 sample shows an even stronger

decrease with a factor 2.0 (refer to the inset of Fig. 4).

Figure 10 depicts the dependence of the normalized accu-

mulation capacitances at 10 kHz versus the contact area for

the P200, P80, and PRT samples and the corresponding linear

fits in accordance with Eq. (3) (compare also to Fig. 4). The

data of the P200 and P80 are quite similar, whereas the PRT

sample carries a reduced slope in the liner fit related to

decreased permittivity. The inset in Fig. 10 illustrates the de-

pendency of the relative permittivity on the substrate temper-

ature. It is relatively constant carrying a value of 5.25 6 0.25

in the temperature range of 80 �C� T� 200 �C but drops

down to 4.2 for the RT sample. It is noteworthy that the

dependencies of the permittivity as well as the fixed charge

density versus substrate temperature for the as deposited sam-

ples show the same trend. The determined permittivity values

of the as deposited PE-ALD samples are rather low compared

to the literature where a value of 7.8 is reported at substrate

temperatures of 200 �C and 300 �C prior annealing.3,25 The

aforementioned densification of the layers due to the anneal-

ing might be a hint that the as deposited layers exhibit lower

mass densities reducing the permittivity. However, a refrac-

tive index of 1.64 (Ref. 30) for the as deposited P200 sample

was found similar to values at 200 �C mentioned in Ref. 3. At

least the reduced refractive index of 1.56 found for the PRT

sample,30 indicating lower film density might explain the

reduction of the relative permittivity of that sample in com-

parison to the P200 sample. In addition, in spectroscopic

ellipsometry, we observed CH3 contributions integrated into

the as deposited PRT and P80 films.30 As methyl groups are

carrying low polarizability,38 they are reducing the overall

permittivity. By XPS, we determined carbon content of about

14% within the PRT and P80 films whereas it was below 8% in

the P200 sample.30 A detailed peak decomposition of the

core levels depicted further higher hydroxyl and/or car-

bonate contributions within the PRT with respect to the

P80 sample,30 resulting in stronger deviation of the oxy-

gen to aluminum elemental ratio from its ideal value (see

Table I). Also, insufficient thickness homogeneity might

influence the permittivity. However, we emphasize that

quite low deviations of the homogeneity were found for

our deposition. For thick layers (50 nm), values �1%

were observed for all investigated substrate temperatures30

while for thin layers (10 nm) even at RT the deviation

was below 4% (Table I). Here, we argue that the uncer-

tainty of the ellipsometry at this layer thickness is even

higher. Our data derived at different contact diameters at

understandably different sample positions monitor quite

stable capacity density (as shown in Fig. 2), resulting in

very linear dependencies of the capacity versus contact

area (Figs. 4 and 10). Thus, we conclude that the inho-

mogeneity of the layers plays a minor role for the discus-

sion of the drop in permittivity.

Furthermore, Momida et al. have modeled the dielectric

response of amorphous Al2O3 by first principles calculations

and found that it can have several atomistic structures influ-

encing the lattice polarization very sensitively opening also

the ability to tune the dielectric constant by the process con-

ditions.39 Insofar our data are in-line with that finding.

Hence, the similar temperature dependence of the Nfix and

FIG. 10. (Color online) Normalized accumulation capacitance versus contact

area according to Eq. (3) for the as deposited samples P200 (open rectangles,

online black), P80 (open stars, online green), and PRT (open diamonds,

online magenta). The data are taken from the 10 kHz CV measurements.

The lines represent the corresponding linear fits used for permittivity deter-

mination [Eq. (3)]. The inset shows the dependence of the relative permittiv-

ity on the substrate temperature of the as deposited PE-ALD sample set

(open triangles, online blue); for comparison, the value for the as deposited

T200 sample is depicted too (open circle, online blue).
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permittivity for the as deposited PE-ALD samples might

have structural arrangement reasons.

The higher permittivity of the thermal ALD sample T200

in comparison to the P200 layer might be based besides struc-

tural differences on the incorporation of OH and water resid-

uals due to the water precursor. These species exhibit high

polarizabilities,40 affecting the overall dielectric permittivity

of the film.41

IV. SUMMARY AND CONCLUSIONS

PE-ALD samples prepared at substrate temperatures in

the range between RT and 200 �C were investigated by CV

and GV measurements and compared to the standard T-ALD

at 200 �C. The extracted Nfix, Dit, and kAl2O3
values of this

work are summarized in Table II.

We conclude that the PDA at 450 �C in forming gas as

performed in this work is very effective for chemical passi-

vation based on the reduction of Dit for both processes

(T-ALD and PE-ALD) when 200 �C substrate temperature is

applied. Very low values of the interface state density

�1011 eV�1 cm�2 (PE-ALD) and below (T-ALD) could be

achieved. For field effect passivation, both processes at

200 �C substrate temperature deliver similar values of nega-

tive fixed charge density after PDA. Also the process at a

substrate temperature of 150 �C with the highest Nfix and

moderate Dit after annealing should be further taken into

account for the surface passivation in Si based photovoltaics.

The Dit of the other samples prepared at lower substrate tem-

peratures (T� 100 �C) is rather high (�1012 eV�1 cm�2).

Interestingly, after PDA, the PE-ALD comes along with a

slight temperature dependence of the Nfix value, which

might be further used for tuning in special desired require-

ments. On the other hand, the as deposited PE-ALD samples

show a relative constant Nfix, except the RT sample where

Nfix is reduced significantly by one order of magnitude.

Surprisingly, the RT sample shows a low Dit just after depo-

sition, but this fact should be further confirmed. The combi-

nation of low Nfix and Dit of the as deposited sample PRT

might be very interesting for low temperature applications

such as organic electronics.

Relatively low permittivity values for the PE-ALD layers

were observed, which might be caused by low film densities,

TMA precursor residuals at lower substrate temperatures,

and structural arrangements strongly affecting the lattice

polarization.41

Our work contributes to possible tuning of the dielectric

properties by the process temperature for desired require-

ments. Recently, Black and McIntosh have reported the sur-

face passivation performance of atmospheric pressure

chemical vapor deposited Al2O3 layers in the temperature

range between 330 �C and 520 �C, showing also a process

temperature dependence.42 For temperatures above 440 �C,

similar values of Nfix and Dit as for our annealed P200 and

P150 layers are found. Hence, a wide range of substrate tem-

perature is extractable in ALD or chemical vapor deposition

based processes depending on requirements such as low ther-

mal budget or high throughput.
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