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Accurate surface potential determination in Schottky diodes by the use of a
correlated current and capacitance voltage measurements. Application to n-InP
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Abstract: Based on current voltage (/-V;) and capacitance voltage (C—V,) measurements, a reliable procedure is
proposed to determine the effective surface potential Vy (V) in Schottky diodes. In the framework of thermionic
emission, our analysis includes both the effect of the series resistance and the ideality factor, even voltage dependent.
This technique is applied to n-type indium phosphide (n-InP) Schottky diodes with and without an interfacial layer
and allows us to provide an interpretation of the observed peak on the C—V, measurements. The study clearly
shows that the depletion width and the flat band barrier height deduced from C—V,, which are important parameters
directly related to the surface potential in the semiconductor, should be estimated within our approach to obtain
more reliable information.
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1. Introduction

Schottky diodes are one of the most widely used devices in
the development of modern electronics. Electrical characteri-
zations of these kinds of structures are generally considered as
figures of merit for devices before their final fabrication. The
determination of Schottky diodes parameters has always been
an exciting debate and still gives rise to publications!!~15.

A consistent technique for barrier height determination is
thus of a high importance for Schottky diode characterization.
Schottky diode parameters, which are barrier height, series re-
sistance, ideality factor, doping concentration!'®! and even in-
terface states!!®~18]_ are usually deduced from (/-V,) and/or
(C-V,) measurements analysis. Nevertheless, depending on
the kind of analysis used [(/—V};) or (C—V})], the barrier height
values obtained for a given structure can be quite different[!6].
We will show in this paper that this originates from an inex-
act knowledge of the real diffusion potential and that a more
accurate determination of this voltage leads to a more reliable
barrier height value especially deduced from C—V. In fact, our
rigorous procedure enables us to obtain the whole distribution
of the surface potential in the structure taking into account sep-
arately both the series resistance and the ideality factor. This
distribution of surface potential constitute an immediate and
clear indication of the surface voltage modulation by the bias,
which is directly related to the quality of the interface between
the metal and the semiconductor. Moreover, the knowledge of
the real surface potential value is essential for the characteri-
zation of the depletion layer, which plays an important role in
devices such as photodetectors, high electron mobility transis-
tors and metal semiconductor field effects transistors.
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Our approach will be used with indium phosphide (InP),
a direct band gap III-V semiconductor, which is a potential
candidate for many applications such as MESFET devices, mi-
crowave and infrared detectors, frequency converters and other
optoelectronic devices!!~211. It has been widely studied for
use in Schottky diodes. Their development was seriously im-
peded by a low Schottky barrier height, around 0.45 eV[16],
To increase this barrier value, many methods have been pro-
posed, among which sulfur passivation!!’=22] and the growth
of'a controllable thin oxide layer were used as a tool for surface
passivation and improvement of characteristic23251,

We will also show that using our approach, the so-called
anomalous peak in the C-V, measurements, which has been
attributed to many and different origins (including ohmic con-
tact naturel!), series resistance and interface states(?”) or the
non-validity of the depletion layer model!®]), is observed when
the flat band conditions are not yet reached, unlike it is claimed
in many works[! 6!, Finally, our approach shows that, among
the different origins of the C -V} peaks proposed in the litera-
ture, the interface states appear to play the dominant role.

2. Theoretical background and procedure

Schottky diode capacitance is usually described according
to the depletion approximation!'®! by the well known expres-

sion:
C = EoeschD’ (1)
2| Vql
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where €, and €. denote, respectively, the dielectric permittivity
of vacuum and of the semiconductor (SC), ¢ is the electronic
charge, Np is the doping concentration of the semiconductor
and Vg denotes the surface potential of the SC.

The current—voltage characteristic for a Schottky diode is
given byl!6]

_ - _q¢bo Q(Vg_RsI)
I_AATexp( kT)exp KT
6I(Vg_RsI)
1— —_ 7. 2
x{ exp[ — @)

This equation describes the thermionic emission cur-
rent[!] and is generally used to analyze current measurements
of Schottky diodes. In this expression, A is the effective diode
area, A* is the modified Richardson constant, ¢y, is the Schot-
tky barrier height at zero bias voltage, V, is the bias voltage, n
is the ideality factor and Ry denotes the series resistance. 7' and
k correspond respectively to the absolute temperature and the

s

Boltzmann constant. The term Vg_n

the amount of surface potential variation in the SC!'%! leading
to the effective surface voltage in the SC:

in Eq. (2) corresponds to

Vy— Ry

Va=—Vgo + (3)

where Vg, is the built-in voltage. Generally, the value of the
ideality factor n is obtained considering the slope of the straight
line in the semilogarithmic forward /-V; plot for V, = %TT.
Nevertheless, due to the presence of interface states, see for
instance references!!2-17- 181y is generally voltage dependent.
In this case, it is necessary to obtain the value of n for each bias
voltage by using the following equation derived from Eq. (2):

al
P Ul A

kTaln d
1 —ex _Q(Vg_RsI)
P kT

Finally, the real effective surface voltage as expressed in
Eq. (3) becomes for each bias voltage V,:

“4)

Ve — RI(Vy)
n(Vy)
Knowing the exact value of the diffusion potential, the flat

band barrier height ¢y, is then calculated using the standard
equation:

Va=—Vap + (5)

kT N. kT
doe =Vio+ —In— + —, (6)
g Np q

where N, denotes the effective density of states in the conduc-
tion band.

To get the whole set of parameters characterizing a Schot-
tky diode, we use the following procedure. The series resis-
tance R and the mean ideality factor values are deduced from
I-V measurements by using the following Cheung and Che-
ung function!]

dV, nkT
= R,/ .
d(In7) + q M

Table 1. Chemical treatments of the samples.

Sample Alcohol HClI (NH4)2S Annealing UV oxidation
A X X X

B X

C X X

The plot of Eq. (7) yields the determination of the value
of Ry via the slope of the corresponding curve. The value of
n kTT is deduced from the intercept on the y axis. In addition to
the confirmation of the value of Ry derived from Eq. (7), the
second function of Cheung and Cheung[!] which is:

H(I kT 1 L V
()—Vg—l’l7 nAA*T2_ g_n‘pbm (8)
leads to the determination of the zero bias barrier height.

The ideality factor n(V,) is derived according to Eq. (4).
The built-in voltage Vy, is equal to the voltage value Vg, ob-
tained using C—V,; measurements by extrapolating the plot of
1/C? versus Vj to the voltage axis. Finally, using the deduced
parameters (R, n(V;) and Vy,), the theoretical C-V; curve is
compared to the experimental one in order to check the relia-
bility of the obtained values for each parameter.

3. Results and discussion

3.1. Experimental details

All of the Schottky structures considered here are realized
on an involuntary n-type (100) InP substrate, with a nominal
carrier concentration of Np = 5 x 10!> cm™3 supplied by Cris-
matec InPact. They will be referred as A, B and C in the follow-
ing as described in Table 1. Samples A and B have been etched
in hydrochloric acid (HCI) (3 mol/L) for 5 min to remove na-
tive oxide and quickly rinsed in deionized water. Sample A has
then been immersed in a 50 °C heated ammonium sulfur solu-
tion (NH4), S with a concentration of 0.5 mol/L for 20 min and
cleaned in deionized water and finally annealed at 300 °C un-
der 3 mbar nitrogen (N, ) ambiance during 30 min. This sulfur
treatment has been used to passivate the InP surface!!7).

The third sample (C) is an epi-ready UV oxidized structure
with a 1.2 nm oxide thickness and has been only degreased in
alcohol and not submitted to any further chemical treatments.
Circular gold dots of 6.36 x 10™3 cm™2 have been deposited
by thermal evaporation under a vacuum pressure of 10~ mbar
on polished surface of all the samples. The ohmic contact was
realized by thermal evaporation of gold germanium eutectic
followed by a protective gold layer on the rear of the substrates.

3.2. Results and discussion

Current and capacitance measurements /—V, and C—V,
have been carried out using a source measure unit (SMU)
Keithley 236 and a HP4280A 1-MHz capacitance meter. Equa-
tion (7) and (8) are used to obtain the series resistance R, the
average ideality factor n and the apparent barrier height ¢y, of
the Schottky contact. Table 2 summarizes all the characteris-
tics deduced from 7V, measurements. The weakest values of
R, and n are obtained for the sulfur-treated sample A. Sample
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Table 2. Parameters as deduced from /—V, and C—-V,; measurements; Ry denotes the series resistance, n the ideality factor, ¢y, the zero bias
barrier height, Vj, the diffusion potential, Np the doping density, ¢y, the flat band barrier height and ¢y, the corrected value of ¢p.

I-V measurements

C—V measurements

Sample 5 —3
Ry (R2) n Do (€V) Vo (V) Np (107> em™)  ¢ue (eV)  Puec (V)
A 14.7 .12 0.59 0.523 4.15 0.674 0.62
B 26.5 1.35 053 0.643 4.63 0.792 0.625
C 86 1.9 0.59 0.895 9.5 1.025 0.6
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Fig. 1. Ideality factor n versus voltage for samples A, B and C, with
and without taking into account the value of Rs. For sample A, the
two curves are superimposed due to the very small value of Rs.

B shows larger values of R and n due probably to the pres-
ence of an involuntary oxide layer!!”). The highest values of
R and n correspond to the UV oxidized sample. With regard
to the barrier heights, for sample A the obtained value indicates
a beneficial effect of sulfur treatments whereas for samples B
and C the obtained values, even if they are higher than the value
of 0.45 eV reported for the intimate metal contact on n-InP6l,
must be considered carefully because of the interfacial layers
and the relatively large values of R;.

As discussed above, the ideality factor n depends on V.
These dependences are determined for each sample by using
Eq. (4) and the results are reported on Fig. 1. We can note that,
for sample A, n approaches 1 up to V;, = 0.2 V and then in-
creases monotonically for higher voltages. For samples B and
C, n increases with voltage from 1 up to a maximum around
Ve = 03 Vand V; = 0.6 V respectively for the two sam-
ples. These peaks can be entirely hidden if we do not take into
account the value of series resistance (see the dashed curves
on Fig. 1 for Ry = 0 Q). The peaks in the n versus voltage
curve are attributed to an interface states effect, as previously
reported for oxidized Schottky diodes!!”-'8] and as observed
for sample A after prolonged air exposure!!”). From Fig. 1 we
can also notice that the effect of series resistance becomes im-
portant only beyond a given value of V, depending on the struc-
ture, which is respectively equal to 0.13 and 0.3 V for samples
Band C.

We have also used the experimental data of C—V, mea-
surements, to determine the diffusion potential Vj,, the flat
band barrier ¢y as well as the doping density from the slope of
the 1/C? = f(V,) plot. Table 2 shows the results. The dop-
ing density values obtained for samples A and B are in good
agreement with those indicated by the manufacturer. For sam-

Fig. 2. Surface potential characteristic versus voltage for all samples.

ple C, the value deduced from our measurements is larger than
the nominal one. The values of ¢, for all the samples do not
agree with those deduced from /—V,; measurements. This large
difference could originate from an overestimation of the val-
ues of the built-in voltage Vg, deduced by extrapolating the
1/C? = f(V,) plot. In fact, when considering non-ideal struc-
tures, the value of Vg, should be corrected by taking into ac-
count the ideality factor as indicated by Eq. 3 and as reported
by Tiiriit et al.[26]. Assuming the average value of n given in
Table 2, we have recalculated the barrier height value ¢y.. The
new values, reported in Table 2, seem to be more reliable since
they are in good agreement with those initially deduced from
I-V, measurements. This could also explain the high value of
the doping density obtained for sample C. In this case the slope
ofthe 1/C? = f(V,) plot is proportional to % X NLD Thus tak-
ing into account this correction, the new value of Np is found
to be equal to 5 x 10'> cm™3 for sample C, which is in a good
agreement with the nominal one.

With regard to the barrier height, it is well known that
the current voltage and capacitance voltage measurements give
different values with the higher deduced from capacitance mea-
surements. The discrepancies are habitually attributed to the
fact that the -V gives the zero bias barrier whereas the C-V,
give the flat band barrier. Our results show that the flat band
condition is difficult to obtain, because when nearing the flat
band, the current becomes so important that effects of the se-
ries resistance and eventually the pinning of the surface Fermi
level by surface states becomes so important that the structure
is still slightly depleted (see Fig. 2, below). Our results show
that by taking into account the series resistance and ideality
factor, which varies with the voltage, the two barrier heights
can be quite comparable.

By using Eq. (5), the values of V;, (deduced from the plot
1/C? = f(Vy)), Rs and n(Vy), the characteristic V4(V,) can
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Fig. 3. Comparison between capacitance—voltage characteristics for
sample C. (a) calculated according to the depletion model, (b) from
measurements and (¢) from measurements corrected according to our
procedure.

be built for each structure. Theses curves are reported on Fig. 2.
For the whole set of curves and for negative values of Vg, V4
is increasing linearly and exhibits a plateau-like behavior for
positive values of V,. The values of V4 corresponding to the
plateau is equal to —0.5 V for samples A and B and to —0.75V
for sample C. We can note also that the value of V, correspond-
ing to the beginning of the plateau is shifted to higher values of
V, for the oxidized structure (sample C). These negative values
of V4 clearly indicate that the diodes are still reverse biased for
this positive range of V. This pinning, revealed by the plateau
of Vg, is also observed for sample A even if the value or Ry is
small. One can reasonably attribute this behavior to interface
state effects that restrict the Fermi level displacement. Indeed
the increase of n, when the direct bias voltage increases, has
been attributed to the motion of the Fermi level into a higher in-
terface states density which is in equilibrium with the SC®>27].
For samples B and C, the observed peak in the n(V;) curve
corresponds to a maximum in the interface state distribution
for oxidized Schottky structures!!”> 18] and are mainly due to
the involuntary grown interfacial layer for sample B and the
oxide layer for sample C. The distribution and the density of
the interface states have been determined from the n—V, curve,
confirmed by DLTS measurements(®8] and can be mainly re-
sponsible for the observed Fermi level pinning.

From theses characteristics we have then calculated, for all
samples, the capacitance values for each voltage using Eq. (1).
For example, we report in Fig. 3 the calculated and measured
curves for sample C. For comparison, we have also reported the
theoretical curve as predicted by the depletion model [Eq. (1)].
The calculated curve shows a maximum located at V; = 0.3V,
which is not expected according to Eq. (1). A very good agree-
ment is obtained between the theoretical and experimental
curves, especially for negative values of V; when the structure
is in a deeper depletion range. The discrepancies between the
calculated and measured capacitances values for positive val-
ues of V, cannot be attributed to a wrong value of R; since, as
we have calculated, the series resistance does not significantly
change the behavior of the capacitance curve in this voltage
range. However, it can originate from a slightly overestimated

Vio. In fact, according to Egs. (1) and (5) and with the condi-
tion é = 0 (by extrapolation), the built-in voltage Vy, can be
written as:

Veo R,
n(Ve) n(Vg)’
where I, denotes the current corresponding to Vy,. The value
of V4, deduced according to Eq. (9) can be quite different from
Vo especially for large values of R, and n(Vy,) as is the case
for sample C. The value of Vj, in this case is overestimated
leading to a smaller calculated value of the capacitance.
Concerning the observed peak on the capacitance measure-
ments, it was reported in Ref. [4] that a broadening of this peak
is associated with a decrease of its intensity when R; increases.
Our results do not confirm this interpretation. Indeed it is clear
that even in the case of high values of Rj, as for sample C, Ry
plays a negligible role in the voltage region (0.3 V for sam-
ple C) and (0.25 V for sample B and 0.02 V for sample A not
shown here) corresponding to the observed peak on the calcu-
lated curve. However, its effect appears for higher voltages as
shown on Fig. 1 and as reported by Mikhelasvilil'>]. We can
then conclude that all the observed peaks on the capacitance
measurements, for diodes where the thermionic emission is the
dominant current transport mechanism mainly originate from
interface states effects and cannot be immediately related to se-
ries resistance as reported previously[“’ 6], The effect of the se-
ries resistance, if the corresponding value is high, appears only
for higher voltages far from the maximum capacitance corre-
sponding voltage.

©

Vdo

4. Conclusion

By using simultaneously the current and capacitance ver-
sus voltage measurements, we have proposed a procedure to
determine the effective surface potential in the semiconduc-
tor. Thus the flat band barrier height deduced from C-V is in
good agreement with the zero bias barrier deduced from /-V,
measurements. This approach is validated here for MS-(n)InP
structures with and without interfacial layer. We have also an-
alyzed the effect of the series resistance and shown that the ca-
pacitance peak appears even if the structure is still in depletion
and that its origin can be attributed mainly to interface states
density. This contribution shows that the estimation of the de-
pletion layer width as well as the flat band barrier height cannot
be made reliably regardless of ideality factor consideration, es-
pecially when its value is far from unity, as is the case for most
fabricated lab diodes. This study shows that the correlation be-
tween IV, and C-V, measurements is a good way to obtain
reliable information about interface properties and is suitable
for the large band gap SC thin films diodes.
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