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The large electron affinity of InN, close to 6 eV and the largest of any 111-V semiconductor, creates a strong driving force
for native donor formation, both in the bulk and at surfaces and interfaces. Moreover, all InN surfaces, regardless of
crystal orientation or doping, have been observed to have a surface accumulation layer of electrons, which interferes with
standard electrical measurements. For these reasons, until recently, it was uncertain whether or not compensation by
donor defects would prevent “real” p-type activity (i.e. existence of sufficiently shallow acceptors and mobile holes). A
coordinated experimental approach using a combination of electrical (Hall effect) and electrothermal (Seebeck
coefficient) measurements will be described that allows definitive evaluation of carrier transport in InN. In Mg-doped
InN films, the sensitivity of thermopower to bulk hole conduction, combined with modeling of the parallel conducting
layers (surface/bulk/interface), enables quantitative measurement of the free hole concentration and mobility. In undoped
(n-type) material, combined Hall and thermopower measurements, along with a considering of the scattering
mechanisms, leads to a quantitative understanding of the crucial role of charged line defects in limiting electron transport.

1 Introduction Depending on the band offset values used, the electron affinity of InN is in the range of 5.5-5.8
eV [1-3]. This is the largest electron affinity of all group I11-V semiconductors and has a number of important
consequences for the study of electron and hole transport in this material. Based on considerations of both the charge
neutrality level (also known as the branch point energy) [4,5] and of the amphoteric native defect (Fermi level
stabilization) model [6,7], InN would be expected to have its surface Fermi level pinned high above the conduction
band minimum. Indeed, surface pinning corresponding to a Fermi level position in the range of 0.7-0.9 eV above the
CBM has been observed experimentally by a number of techniques including electron energy loss spectroscopy, x-
ray photoelectron spectroscopy, angle-resolved photoemission, and electrolyte contacted capacitance voltage (CV)
measurements [8-12].

The large electron affinity of InN also affects bulk conduction properties. Native point defects have a strong
driving force to be donors. Energetic particle irradiation experiments have shown that their average energy is 0.9 eV
above the CBM, similar to the position of the surface pinning energy [13,14]. Both hydrogen and also certain types
of dislocations are also predicted to be donors in InN [15,16]. As a result, undoped InN thin films grown to date by
molecular beam epitaxy have been degenerate n-type, with the lowest reported electron concentration in the low 10"’
cm™ range [17,18].

The presence of electron-rich surface layers and the strong propensity for the formation of native donors created
challenges for producing p-type InN. While CV techniques were able to show that Mg forms acceptors, as in GaN
[11], direct measurement of the transport properties had been prevented by the n-type surface inversion layer.
Recently, thermopower [19-22] and Hall effect/conductivity studies [23-24] have shown that Mg doping produces
mobile holes in InN, but there are only a few reports concerning the hole concentration and mobility.

In this work, we are “taming” the transport of InN in two ways. (1) We use the ability of an electrolyte to form
an insulating surface layer to deplete InN’s surface accumulation/inversion layers to reveal the bulk transport
properties of InN epitaxial films [25]. (2) We take advantage of the sensitivity of thermopower measurements to
bulk hole conduction to obtain the free hole concentration and mobility in p-type InN:Mg films grown by MBE.
The additional use of thermopower yields a more precise assessment of hole conduction properties than with
Hall/conductivity analysis alone.

2 Experimental Methods for the MBE growth of the films used in this study are described in the
literature by our collaborators [17,26,27]. Hall effect measurements were measured using a 3000 Gauss magnet with
contacts placed in the van der Pauw configuration. Thermopower measurements were performed using a system
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that has been described previously [19,28]. Undoped (n-type) films in this study have electron concentrations
ranging from 4x10* cm™ to 5x10™ cm™. Mg-doped films have Mg concentrations as measured by secondary ion
mass spectrometry (SIMS) of between 3x10'® and 4x10" cm™.
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Figure 1 Calculations within the relaxation time approximation
of the Seebeck coefficient of n-type and p-type InN.

3 Results and Discussion

3.1 Mg-doped InN The surface inversion layer discussed above creates a short circuit path for top-
contacted Hall effect measurements. Therefore, normal low field Hall measurements find n-type conductivity with
relatively low mobility corresponding to transport in the surface layer only [11]. In contrast, thermopower (Seebeck
coefficient) measurements have a number of characteristics that discriminate against the effects of this layer. First,
the temperature gradient that creates the Seebeck effect cannot be screened; this is in contrast to the electrical fields
used in the Hall measurements. Also, the Seebeck coefficient is larger for heavier effective masses and lower carrier
concentrations, as illustrated in Fig. 1. Both these favor the detection of transport of holes in the bulk of the film,
even in the presence of the electron-rich surface layer.

Observed Seebeck coefficients for undoped and lightly Mg-doped InN films are in the -10 to -100 uV/K range,
corresponding to bulk n-type conduction. For the lightly Mg-doped films, any acceptors which are formed are
compensated by native donors or donor impurities. However, as shown in Fig. 2, for a “window” of Mg
concentration in the 10" range, positive Seebeck coefficients are observed, which is unmistakable evidence of
mobile hole and p-type conduction [22]. A study of the room temperature Seebeck coefficient combined with Hall
effect in a series of Mg-doped films in which electron conduction was considered both at the surface and at the
heterointerface used in the MBE growth yield quantitative hole concentrations and mobilities. For the window
shown in Fig. 2, these are in the range of 1-3x10*® cm™ and 15-60 cm? V! s™* [29].

We have obtained additional insights into the effect of the surface layer on the observed Seebeck coefficient by
modulating the surface layer with an electron gate (electrolyte gated thermopower or ETP) [28]. The results of
initial ETP measurements are shown in Fig. 3 for two p-type samples and one n-type sample, although gate biases
near the open circuit potential (Voc) were applied to only one of the p-type samples. Here the Seebeck coefficient is
plotted as a function of gate bias. For the p-type sample plotted in green, applying a positive gate bias relative to the
open circuit potential results in an increasing Seebeck coefficient, which quickly saturates. Biasing in this direction
depletes electrons from the surface inversion layer. Applying a negative gate bias results in a decreasing Seebeck
coefficient by accumulating even more electrons into the inversion layer. For the n-type sample, modulation of the
gate bias around Voc has little effect on the Seebeck coefficient since the surface makes little contribution in a thick

n-type sample.
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Figure 2 Summary of Seebeck coefficient measurements Figure 3 Seebeck coefficient of two p-type samples (green and
performed on Mg-doped InN films. A positive Seebeck red) and one n-type sample (blue) as a function of gate bias. Here
coefficient indicates p-type behaviour. Adapted from [22]. the open-circuit potential, Voc, is marked indicating the near

equilibrium state for these samples in a 1 M NaOH solution.
Adapted from [28].

We have obtained additional insights into the effect of the surface layer on the observed Seebeck coefficient by
modulating the surface layer with an electron gate (electrolyte gated thermopower or ETP) [28]. The results of
initial ETP measurements are shown in Fig. 3 for two p-type samples and one n-type sample, although gate biases
near the open circuit potential (Voc) were applied to only one of the p-type samples. Here the Seebeck coefficient is
plotted as a function of gate bias. For the p-type sample plotted in green, applying a positive gate bias relative to the
open circuit potential results in an increasing Seebeck coefficient, which quickly saturates. Biasing in this direction
depletes electrons from the surface inversion layer. Applying a negative gate bias results in a decreasing Seebeck
coefficient by accumulating even more electrons into the inversion layer. For the n-type sample, modulation of the
gate bias around Vqc has little effect on the Seebeck coefficient since the surface makes little contribution in a thick
n-type sample.

3.2 Undoped InN The sensitivity of the magnitude of the Seebeck coefficient can be used to discern the nature
of the majority carrier scattering. Charged dislocation scattering has been invoked to explain the temperature
behaviour of the mobility in InN [30]. In contrast to the case in GaN, where they are believed to be acceptors [31],
dislocations in InN are believed to be donor-like based on both ab-initio calculations [16] and experiments
examining the relationship between their areal density and the electron concentration [32].

Here, we use thermopower measurements in combination with Hall effect to assess the contribution of
ionized dislocation scattering to limiting mobility in InN; This has been done previously for GaN [33]. Extending
the approach developed by Hsu et al. [34], we considered the effect on mobility of charged dislocation scattering.
As shown in Fig. 4, charged dislocation scattering can be the dominant mobility limiting mechanism, particularly at
low temperatures, even at the lower bound of reported dislocation densities.
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Figure 4 Calculated mobility of InN as a function of
temperature, both showing the individual contributions of
dislocation scattering (disl) for Ng;s = 10° cm 2, acoustic phonon

scattering (ac), piezoelectric scattering (piezo), optical phonon
scattering (LO), and ionized impurity scattering for n = 10* cm >,

The solid black line is the total composite mobility, and the black
dashed line is the composite mobility without dislocation
scattering. Adapted from [28].

The magnitude of the Seebeck coefficient S depends both on the position of the Fermi level (i.e. the carrier
concentration) but also on the electron energy dependence of the scattering processes. This can be seen by
considering the form of S for the non-degenerate case in the relaxation time approximation:

S=—k—B r+§—i €))
T 2 kgT

where £ is the position (negative for the non-degenerate case) of the Fermi level for electrons measured with respect
to the CBM and r is defined

r

£
T =TO(F) 2
B

where T is the electron scattering time and ¢ is the electron energy [35]. We have shown that under the degenerate
conditions found in InN the effective value of r is greater for dislocation scattering compared to ionized impurity
scattering [36]. Therefore, it is expected that |S| would increase at a given electron concentration if dislocation
scattering plays an important role. Combined Hall and thermopower analyses are being employed to investigate this
issue.

4 Conclusions We have shown that some of the interfering effects of the surface accumulation/inversion,
which forms in InN due to its high electron affinity, can be “tamed” by modulating it or depleting it with an
electrolyte gate. Electrolyte-gated thermopower measurements allow this modulation of the electron-conducting
path to be observed directly. The sensitivity of the Seebeck coefficient can be used to elucidate the role of charged
dislocation scattering in n-InN.
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