Atomic ordering of GalnP studied by Kelvin probe force microscopy
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The atomic ordering of GalnP has been established and studied by a variety of methods, including
transmission electron microscopy, cathodoluminescence, and photoluminescence. In this work, a
Kelvin probe force microscope (KPFM) has been employed to image several GalnP samples
previously characterized by these established techniques. The results of our study clearly show that
the KPFM is capable of distinguishing between ordered and disordered regions in GalnP, and that
the KPFM contrast strongly depends on the amplitude of the applied ac bias voltage of the KPFM.
The measurements indicate that ordering in GalnP modifies the density and/or lifetime of the surface

states. © 1995 American Institute of Physics.

Under certain growth conditions, GalnP lattice matched
to GaAs spontaneously orders on the group III sublattice
with gallium and indium atoms occupying alternating {111}
planes." The ordering is identified by the appearance of su-
perspots in transmission electron diffraction (TED) patterns.
The formation of the ordered structure reduces the energy
band gap of GalnP, as observed by cathodoluminescence
(CL)* and photoluminescence (PL).> Ordering also influ-
ences the transport properties of GalnP, as shown in the
current-voltage characteristics of Al-GaInP Schottky diodes.*
Surface kinetics is believed to play an essential role in the
formation of the ordered structure. Recently, atomic force
microscopy (AFM) has been used to study the correlation
between the surface morphology and the ordering.s’6 It was
shown that the formation of facets strongly influences the
growth of ordered GalnP. In this work, a Kelvin probe force
microscope (KPFM) is used to study the relation between
ordering and the electronic properties of the surface of
GalnP.

The KPFM used in this work is a modified non-contact
mode AFM, capable of simultaneously measuring surface to-
pography, surface potential, and capacitance.”® Figure 1 con-
tains the block diagram of our KPFM. A detailed description
has been published elsewhere.”!” Briefly, an electrochemi-
cally etched tungsten tip is attached to a reflective glass can-
tilever, with a spring constant typically of about 10 N/m, and
a resonant frequency about 5 kHz. A differential interfero-
metric detection system is used to detect the motion of the
cantilever. While a feed-back loop is used to maintain a con-
stant force gradient (for topographic imaging in non-contact
mode), an extra voltage Acos(wr) is applied to the tip with
sample being grounded. The electrostatic force between the
tip and sample, F is given by:

1 dc 5

F_E E(&;H-Acoswt) , (1)
where c is the capacitance between the tip and sample, z is
the gap distance between the tip and sample, A is the ampli-
tude of the applied ac voltage, and d¢ is the electrostatic
potential difference between the tip and sample surface. The
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amplitude of the electrostatic force at frequency w (F,) is
proportional to d¢. The cantilever movement at frequency
w is detected through a lock-in amplifier, and a second feed-
back loop is used to add a dc voltage to the tip (bucking
voltage) to maintain F, at zero. This bucking voltage di-
rectly represents the local sample surface potential.

A force (F,,) is also detected at twice the ac bias fre-
quency. This force is related to the capacitance between the
tip and sample. If the gap distance is maintained constant,
any change in the F,,, is due to the local capacitance varia-
tion.

All of the GalnP samples studied in this work were
grown by organometallic vapor phase epitaxy (OMVPE) on
semi-insulating GaAs substrates. The first sample under
study (SU-10) is a GalnP order/disorder bilayer heterostruc-
ture, which was grown on a (001) GaAs substrate, with a
3° misorientation toward [ 110] direction. The first layer was
grown at 740 °C and the second at 620 °C. Growth was in-
terrupted for 5 minutes between layers by stopping the group
IIT flow while keeping the phosphine partial pressure un-
changed. Due to the temperature influence on ordering, the
bottom layer, grown at 740 °C, produces a disordered struc-
ture, with a thickness of 0.5 um, while the top layer, grown
at 620 °C, is highly ordered, with a thickness of 0.4 um. A
schematic diagram of this order/disorder heterostructure is
shown in Fig. 2(a). The sample has been well characterized
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FIG. 1. Block diagram of KPFM.
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FIG. 2. (a) Schematic diagram of the order/disorder heterostructure of
sample SU-10. (b), (c), and (d) are cross sectional KPFM images, with a size
of 2.7 umX1.9 um. (b) topography, (c) KPFM bucking voltage, and (d)
capacitance measured at 2 .

by TED and PL.!"!> The TED patterns indicate that the bot-
tom layer is completely disordered, and that the top layer is
highly ordered.'"!> PL measurements at high excitation in-
tensity at a temperature of 10 K show two sharp and distinct
peaks at 1.998 and 1.835 eV, which come from the disor-
dered and ordered material, respectively.'’"!?

This sample (SU-10) was cleaved, and imaged cross-
sectionally by the KPFM. Three images simultaneously ob-
tained by the KPFM are shown in Figs. 2 (b)-2(d). Figure
2(b) represents topography, Fig. 2(c) represents KPFM buck-
ing voltage (surface potential), and Fig. 2(d) represents ca-
pacitance measured at 2w. The image size is 2.7 umX1.9
pum. The applied ac amplitude during imaging is 4 V. The
topographic grey scale resolution is 100 nm. The dark strip
on the right side of the topography image [Fig. 2(b)] indi-
cates the edge of the cross sectional surface. Three different
regions can be clearly identified in the KPFM image [Fig.
2(c)]. The middle region has a lower KPFM bucking voltage,
and its thickness is about 0.5 um. It is identified as the dis-
ordered region. The right region is the ordered GalnP. Its
thickness is less than 0.4 um, probably due to edge effects.
The left region is the GaAs substrate. The capacitance image
[Fig. 2(d)] also shows these three regions. The ordered
GalnP and GaAs regions have about the same capacitance,
while the disordered region has a smaller capacitance. The
dark quasicircular spots in the capacitance image are caused
by surface contamination, which are less clearly seen in the
topographic image as small bumps.

It is found that the contrast between the disordered and
ordered GalnP regions increases with an increase in the ap-
plied KPFM ac bias amplitude (A) [see Equation (1)]. This
behavior is clearly shown in Fig. 3. The KPFM bucking volt-
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FIG. 3. KPFM bucking voltage dependence on ac amplitude in different
regions of sample SU-10.

age dependence on ac amplitude is shown with the tip in the
three different regions. At low ac amplitude (1 V), there is
almost no contrast among these regions. With increasing ac
amplitude, the KPFM bucking voltage in the ordered layer
and GaAs substrate remains almost unchanged, while it is
reduced by almost 1.2 V in the disordered layer. This reduc-
tion saturates at high ac amplitude. The saturation is most
likely due to the strong electrostatic force between the tip
and the sample. Under this condition, the topographic feed-
back loop pulls the tip back with increase in applied ac bias.
This has been verified by monitoring the piezo tube move-
ment in the z direction.

A second sample (AO-98), in which ordering is con-
trolled by the substrate misorientation, is also studied by the
cross sectional KPFM. The GalnP layer was grown on a
grooved GaAs (001) substrate misoriented by 9° toward
[110]. The period of the groove is 40 um, and the depth is 4
pm. The growth temperature is 670 °C, and growth rate is 2
pum/h. The thickness of the GalnP epilayer is about 5 um.
TED and CL data indicate the existence of a highly ordered
(111) domain of several micrometer long and approximately
2 pm in thickness at the bottom of the groove close to the
interface with the GaAs substrate. There exits a disordered
GalnP layer about 3 wum thick on top of the ordered
region.'>1

Images obtained in cross section by the KPFM are
shown Fig. 4. A schematic drawing is shown in Fig. 4(a),
with the ordered GalnP region (identified by TED and CL)
indicated. Figure 4(b) represents topography obtained by the
KPFM. Figures 4(c) and 4(d) are two KPFM bucking voltage
images obtained with different ac biases (1 and 8 V, respec-
tively) at the same site as Fig. 4(b). The size of three images
[Figs. 4(b)—4(d)] is 14 wmX13 wm. It can be clearly seen in
Fig. 4(d) (8 V ac amplitude) that there is a foot shaped region
at the bottom of the groove. The size of this region, as mea-
sured by the KPFM, slightly varies from groove to groove,
but typically is about 2 um wide and 8—10 wm long. This is
the region which is shown to be ordered GalnP by TED and
CL. In the KPFM images, this region has a surface potential
very similar to the GaAs substrate. At 1 V ac amplitude [Fig.
4(c)], there is no contrast between GaAs, ordered GalnP and
disordered GalnP. Surface contamination, however, can be
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FIG. 4. (a) Schematic drawing of the groove structure of sample AO-98, (b)
Topography obtained by KPFM, (c) KPFM bucking voltage image with 1 V
ac amplitude, (d) KPFM bucking voltage image with 8 V ac amplitude at the
same site. The size of images [(b)—(d)] is 14 umX13 um.

identified. Figures 4(c) and 4(d) are displayed on the same
grey scale.

There are several possible sources of the ac amplitude
dependent contrast seen in the GalnP images. First of all,
contact potential difference can be ruled out since little or no
contrast is observed at low ac amplitude. It is known that
because of the existence of fixed and mobile surface charge,
the surface potential measured in air does not necessarily
correspond to the sample work function variation.’

The KPFM bucking voltage dependence on ac amplitude
indicates that the surface potential is influenced by the ap-
plied ac bias voltage. In the case of an uncontaminated me-
tallic tip on an uncontaminated metallic sample, there is no
such ac amplitude dependence. Our observation is that in the
ordered GalnP region and GaAs region, the KPFM bucking
voltage is independent of ac bias amplitude, while in the
disordered GalnP region it strongly depends on ac bias am-
plitude. The observed KPFM bucking voltage dependence
can be explained on the basis that the charging of the sample
surface during the positive cycle of the applied bias is differ-
ent from that during the negative cycle. This asymmetric
charging will change the average potential of surface under
an applied ac bias. There are several possible physical
mechanisms for this.

An asymmetric carrier response to an external field in an
unpinned semiconductor will result in an effective change of
surface potential under an ac bias. At positive tip bias, an
n-type semiconductor reaches accumulation, while under
negative bias it goes to depletion. The surface potential
change in depletion is much larger than that in accumulation.
This asymmetric carrier response (as seen in MOS
capacitance-voltage measurement) effectively leads to the
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lowering of the measured surface potential for an unpinned
n-type semiconductor. If the surface is pinned, its potential
will remain unchanged under the ac bias. Our data suggest
that the surface of GaAs and ordered GalnP is pinned, while
the surface of disordered GalnP is not pinned. Due to the
existence of depletion in the disordered GalnP region, the
measured capacitance is also expected to be smaller, as is
shown in Fig. 2(d).

A second explanation for the ac amplitude dependence
of the KPFM signal is that an asymmetric charge transfer
may exist between the tip and sample under a symmetric ac
bias. Since the electric field is rather strong between the tip
and sample, (typically 10°— 107 V/cm), field emission may
occur. The charge transfer between the tip and surface states
may be asymmetric due to the non-uniform energy distribu-
tion of these states, or the inherent field emission asymmetry
associated with the small tip radius. For a significant surface
potential change to occur, it requires that the transferred
charge stay in surface states for a time not much less than the
measurement cycle (typically 1 kHz). At this point, the exact
physical mechanism to explain the ac dependence of the
KPFM bucking voltage has not been determined. Further
study is needed.

In conclusion, ordering in GalnP, controlled by substrate
misorientation and growth temperature, has been studied by
the KPFM. It is shown that KPFM can visualize the differ-
ence between ordered GalnP and disordered GalnP. This
contrast is found to be dependent on the applied ac amplitude
used to perform the KPFM measurement. The ac amplitude
dependence indicates that ordering has modified the density
and/or lifetime of surface states in GalnP.
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