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The electronic parameters and interface state properties of boron dispersed triethanolamine/p-Si struc-
ture have been investigated by atomic force microscopy, I–V, C–V–f and G/x–V–f techniques. The sur-
face topography and phase image of the TEA-B film deposited onto p-Si substrate were analyzed by
atomic force microscopy. The atomic force microscopy results show a homogenous distribution of
boron particles in triethanolamine film. The electronic parameters (barrier height, ideality factor and
average series resistance) obtained from I–V characteristics of the diode are 0.81 eV, 2.07 and
5.04 kX, respectively. The interface state density of the diode was found to be 2.54 � 1010 eV� cm�2

under Vg = 0. The obtained Dit values obtained from C–V and G/x measurements are in agreement with
each other. The profile of series resistance dependent on voltage and frequency confirms the presence
of interface states in boron dispersed triethanolamine/p-Si structure. It is evaluated that the boron
dispersed triethanolamine controls the electronic parameters and interface properties of conventional
Al/p-Si diode.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Metal–semiconductor contacts have been extensively investi-
gated due to their technological applications. The electronic
parameters of metal–semiconductor contacts can be modified by
using organic materials and this modification could lead to an effi-
cient barrier height and interface modification. Some studies have
shown that the electronic parameters of the metal–inorganic
diodes can be modified with various organic materials [1–12].
The control of metal/semiconductor diodes with organic materials
is the key to fabricating reproducible metal/organic semiconduc-
tor/inorganic semiconductor rectifying devices. The new electrical
properties of the metal–semiconductor contacts can be promoted
by means of the choice of suitable material. We have believed that
boron can modify the electronic properties of metal–semiconduc-
tor contacts by creation of physical barrier.

In the present study, for fabrication of Al/p-Si/TEA-B/Au, amor-
phous boron is dispersed in triethanolamine. Triethanolamine
(TEA-C6H15NO3) is an organic chemical compound, which acts as
a base due to the lone pair of electrons on the nitrogen atom over
three hydroxyl groups. TEA is used as a pH balancer in cosmetic
preparations in a variety of different products-ranging from skin
ll rights reserved.
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glu).
lotion, eye gels, moisturizers, shampoos, shaving foams etc. [13].
Triethanolamine (TEA) is also used as organic additive (0.1 wt.%)
in the grinding of cement clinker, since it is proved to be very effec-
tive to prevent agglomeration and coating of the powder at the sur-
face of balls and mill wall [14].

The electronic parameters and interface state density properties
of Al/p-Si/TEA-B/Au diode have been investigated by using cur-
rent–voltage characteristics and capacitance–conductance–voltage
techniques.

2. Experimental

The organic/inorganic (Al/p-Si/TEA-B/Au) diode was prepared
on a 530 lm thick p-type single side polished silicon wafer with
h100i surface orientation and 2.0 X cm resistivity (purchased from
Si-Mat Silicon Wafers Company, CZ). The wafer was chemically
cleaned with the following procedure: The p-type Si wafer was
dipped 10 min in boiling trichloroethylene, acetone and ethanol
to remove organic contaminants. The natural SiO2 layer on the Si
wafer surface was removed by immersing in H2SO4, H2O2 and
20%HF solutions, then 6HNO3:1HF:3.5H2O and 20%HF solutions.
The wafer was rinsed thoroughly in de-ionized water with
18 M X cm resistivity after each cleaning step. Then, low resistivity
ohmic back contact to p-type Si wafer was made by using Al, fol-
lowed by a temperature treatment at 570 �C for 5 min in N2 atmo-
sphere. Submicron size powdered amorphous boron (95–97 wt%
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a-B purity, Fluka, Switzerland) was dispersed in triethanolamine
(TEA 99.5 wt% purity, Sigma–Aldrich) with 1 mg/ml concentration
using a magnetic mixer at 50 �C about 4 h. The organic/inorganic
TEA-B solution was spin coated on the cleaned p-type Si wafer with
the 4500 rpm spin speed. The gold metal contacts with 200 nm
thickness were thermally evaporated from a tungsten filament in
5 � 10�6 Torr using a mask with 2 mm diameter to form the top
contact onto the (TEA-B)/p-Si film surface.

The TEA-B film on p-type Si was visualized with an atomic-
force microscope (Solver P47H, NT-MTD) operating in the
tapping mode on air in ambient conditions. A scanner, equipped
with a scanning piezoelectric element (piezo scanner) with
maximum scan range of 10 � 10 � 2.5 lm has been used to ob-
tain both surface morphology and phase images of the TEA-B
films on p-Si substrate. A diamond like carbon (DLC) coated
NSG01-DLC silicon cantilevers (NT-MTD) with a 2 nm tip apex
curvature, a length of 130 lm, a spring constant of 5.5 N/m,
and resonance frequency of 150 kHz was used to take the topog-
raphies during the AFM scanning. The scan resolution was
512 � 512 pixels. The images were processed by linear flattening
method in order to remove the background slope, so the contrast
and brightness were adjusted accordingly. The Nova 914 soft-
ware package was used for controlling the SPM system and ana-
lyzing the AFM images.

The diode contact area was calculated to be 3.14 � 10�2 cm2.
The current–voltage (I–V) characteristic of the Al/p-Si/TEA-B/Au
diode was performed with 2400 KEITHLEY source meter and GPIB
data transfer card for current–voltage measurements. The capaci-
tance–conductance–voltage measurements were measured by
using a 3532 HIOKI HITESTER LCR.
Fig. 1. (a) AFM topography and (b) phase image of the bo
3. Results and discussion

3.1. AFM results of the boron dispersed triethanolamine film on p-type
silicon substrate

The AFM surface topography and phase images of the TEA-B
film on p-Si substrate given in Fig. 1a and b, respectively, show a
homogenous distribution of boron particles in TEA film. The root
mean square (rms) surface roughness is obtained as 3.4 nm. The
corresponding boron surface coverage was measured as 7%. The
boron phase is clearly visible and easily separated from the TEA
film in the AFM phase image.

3.2. Current–voltage characteristics of Al/p-Si/TEA-B/Au diode

Fig. 2 shows the current–voltage characteristics of the Al/p-Si/
TEA-B/Au diode. The diode indicates a rectifying behavior. The cur-
rent–voltage characteristics of the Al/p-Si/TEA-B/Au diode can be
analyzed by the following relation [15],

I ¼ Io exp
qðV � IRsÞ

nkT

� �
1� exp � qðV � IRsÞ

kT

� �� �
ð1Þ

where Rs is the series resistance, V is the applied voltage, n is the
ideality factor, k is the Boltzmann constant, T is the temperature
and Io is the reverse saturation current. The ideality factor of the
diode was determined from the slope of the linear region of log I–
V characteristics in forward bias and obtained n value is higher than
unity. The higher value of ideality factor of the Al/p-Si/TEA-B/Au
diode is attributed to the interface states and series resistance ef-
fects. These effects cause the non-ideal behavior. The effect of series
ron dispersed triethanolamine film on p-type silicon.



Fig. 2. Current–voltage characteristics of the Al/p-Si/TEA-B/Au diode.
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resistance can be analyzed by Cheung’s method defined by the fol-
lowing relations [16],

dV
d lnðIÞ ¼ n

kT
q
þ IRs ð2Þ

and

HðIÞ ¼ V � n
kT
q

lnð Io

AA�T2Þ ¼ IRs þ n/B ð3Þ

where /B is the barrier height and q is the electronic charge. The
plots of dV/dlnI vs. I and H(I) vs. I are shown in Fig. 3. The Rs and
n values were calculated from the slope and intercept of dV/dlnI
vs. I plot and were found to be 4.98 k X and 2.07, respectively.
The Rs and /B values were calculated from the intercept of H(I) vs.
Fig. 3. Plots of dV/dln(I) vs I and H(I) vs I of the Al/p-Si/TEA-B/Au diode.
I plot and were found to be 0.81 eV and 5.11 k X, respectively.
The obtained ideality factor and barrier height values of the Al/p-
Si/TEA-B/Au diode are higher than that of ideal metal/p-Si diode.
This indicates that the boron dispersed triethanolamine interfacial
layer modifies the barrier height of the diode by forming of a phys-
ical barrier between the metal and the Si inorganic wafer. The inter-
face properties of the diode change with the boron dispersed
triethanolamine layer and this layer gives excess homogeneity
and in turn, the electronic parameters of the diode are changed.
The modification of semiconductor surfaces by boron dispersed tri-
ethanolamine leads to the changes in the interfacial properties of
the diode, which cause the non ideal diode behavior.

3.3. Capacitance–voltage and interface state density properties of the
Al/p-Si/TEA-B/Au diode

Fig. 4a and b shows the capacitance–voltage characteristics of
the Al/p-Si/TEA-B/Au diode under various frequencies. The capaci-
tance decreases with increasing frequency and reaches ideal MIS
C–V curve for 1 MHz. As seen in Fig. 4b, the C–V curves under
5 kHz and 1 MHz confirm the metal–insulator layer–semiconduc-
tor structure (MIS) for the diode. The density per unit area of the
charges in diode is calculated by the following relation [17],

Qx ¼
C 0ox

e

� �
ð/m � VFBÞ ð4Þ
Fig. 4. Plots of C–V of the Al/p-Si/TEA-B/Au diode.



Fig. 6. Plots of G/x-f of the Al/p-Si/TEA-B/Au diode at various voltages.
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where C0ox is the capacitance of the oxide layer per unit area, VFB is the
flat-band voltage, e is the electronic charge and /m is the work func-
tion difference between silicon wafer and Al and whose value is
�0.9 V [18]. The flat-band voltage is an important parameter for
assessing the quality of an MIS device. The VFB and Qx values for the
diode were determined from the C–V characteristic of the diode un-
der 5 kHz and were found to be�0.99 V and 9.97 � 1013 Charges/m2,
respectively. The negative value of the flat-band voltage is attributed
to the contribution of the positive interface charges in the Al/p-Si/
TEA-B/Au diode. The obtained Qx value controls the conduction
mechanism of the diode.

The density of interface states can be determined from C–V
measurements by the following relation [19],

Dit ¼
C 0ox

q
dWs

dVg

� ��1

� 1

 !
� CscðWsÞ

q
ð5Þ

where Csc is the capacitance of the semiconductor and Ws is the sur-
face band bending. The plot of Dit vs. V is shown in Fig. 5. The ob-
tained Dit values are high and change with applied voltage. In
order to check reliability of Dit values obtained, we use also the con-
ductance method described by Nicollian and Brews [19]. In this
technique, parallel capacitance Cp and conductance Gp expressions
are defined as follows [19],

Gp ¼
Cit

2s
lnð1þx2s2Þ ð6Þ

and

Cp ¼ Cd þ
Cit

xs
arctanðxsÞ ð7Þ

where Cit = qADit, Cit is the interface state capacitance and A is the
diode contact area, x is the angular frequency, s is the time con-
stant of the interface states. To determine the interface state density
for the diode, we plotted curves of (G/x) vs. log f for the diode under
various bias voltages, as shown in Fig. 6. As seen in Fig. 6, the plots
of G/x–f indicate a peak. The origin of this peak is due to the pres-
ence of interface charges and these charges are present at interface
of the silicon-oxide layer plus organic layer, which are contributing
to the total charging current and in turn a peak appears in the G/x–f
plot [20]. The peak position shifts with bias applied due to the dis-
tribution of the interface states. The interface state density of the
diode was determined from Fig. 6 and was found to be
2.54 � 1010 eV�1 cm�2 under Vg = 0. The obtained Dit value is in
agreement with Dit value obtained from C–V measurement. This
indicates the consistency of both the methods.
Fig. 5. Plots of Dit vs. V of the Al/p-Si/TEA-B/Au diode.
Fig. 7 shows the capacitance–frequency plots of the diode under
various bias voltages. The capacitance of the diode increases with
decreasing frequency, because the interface states follow the alter-
nating current–voltage (AC). At lower frequencies, the capacitance
of the diode is dispersive, whereas at higher frequencies, the capac-
itance is non-dispersive because the charges at the interface states
cannot follow the fast alternating current signal. Therefore, at low
frequencies the total capacitance is equal to the sum of space-
charge capacitance and interface capacitance, while at higher fre-
quencies the total capacitance arises mostly from the space-charge
capacitance [8,21].

Another important parameter for MIS devices is the series resis-
tance. For the diode, the series resistance was directly measured by
using a LCR meter and the series resistance plots under various
voltages and frequencies are shown in Fig. 8a and b. As seen in
Fig. 8a, the plots give a peak for various frequencies. The peak
intensity decreases with the increasing frequency and the position
of the peak shifts to higher voltages. The variation in the peak
intensity indicates interface states following the alternating cur-
rent. But, after 10 kHz, the peak disappears and this suggests that
the interface states can not follow alternating current. As seen in
Fig. 8b, at lower frequencies, the series resistance does not almost
change with the frequency, whereas, at higher frequencies, it de-
creases and reaches a constant value. The profile of series resis-
tance dependent on voltage and frequency is attributed to the
particular distribution density of interface states.
Fig. 7. Plots of C–f of the Al/p-Si/TEA-B/Au diode at various voltages.



Fig. 8. Plots of Rs–f of the Al/p-Si/TEA-B/Au diode at various voltages and
frequencies.
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4. Conclusions

The boron dispersed triethanolamine/p-Si structure was fabri-
cated and its electronic parameters and interface states were ana-
lyzed using I–V, C–V–f and G/x–V–f techniques. The surface
topography and phase image of the TEA-B film deposited onto
p-Si substrate were analyzed by atomic force microscopy. The
barrier height, ideality factor, interface state density and average
series resistance values of the diode were found to be 0.81 eV,
2.07, 2.54 � 1010 eV�1 cm�2 and 5.04 k X, respectively. The elec-
tronic parameters and interface properties of conventional Al/p-
Si diode are improved using boron dispersed triethanolamine thin
film.
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