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Abstract

In this paper, electrical characterizations by C(Ve) and In(Ve) and comparison with 1D Schrodinger-
Poisson simulations are carried out to investigate the effects of AIN layer thickness and n-type AlGaN
barrier doping on the two-dimensional electron gas resistance (Rzpec). Specifically, these impacts are
related to either the electron sheet density (ns) effects or the mobility (i) effects. In this study, we show
that varying the AIN thickness from 0.7nm (ns=7.8cm) to 1.5nm (ns=9.0 cm™) leads to a linear increase
of ns. However, simultaneous degradation of the transport properties due to intensifying roughness
mechanism at high nstend to limit the improvement of the device properties. Furthermore, we show that
the heavily doped AlGaN barrier slightly increases ns and drops the 2DEG mobility to ~1770 cm?.V-1.s?
leading to a degraded 2DEG resistance. However, the overall resistance is improved (R=323()/0)
compared to the undoped case (R=380€)/0) due to the simultaneous contribution of two conducting
channels at Ve=0V. To go further, the polarization charges at the AlIGaN/AIN and AIN/GaN interfaces
are computed in the 1D Schrédinger-Poisson simulations to account for the presence of the AIN layer. A
reduced polarization for very thin AIN layers is considered to account for the experimental results. A
very simple empirical model is proposed that predicts the enhancement of polarization charges (o) as a
function of AIN thickness.

Keywords: AlGaN/AIN/GaN heterostructure; 2DEG; AIN spacer; n-doped AlGaN; Schridinger-Poisson
simulations; Measurements.

1. Introduction

GaN High Electron Mobility Transistors (HEMTSs) have attracted a lot of interest to improve the energy
conversion system. The need to perform at a fast switching rate and high power density has pushed the research
into ultra-wide bandgap materials such as GaN materials [1]. Indeed, I11-N materials offer interesting properties
due to their special wirtzite crystal and polarization properties. The growth of AlGaN/GaN heterostructures
leads to a high two-dimensional electron gas density (2DEG) to compensate for these interfaces polarization
charges induced by the abrupt difference in polarization between GaN and AlGaN. This 2DEG and the high
mobility properties of the 111-V materials make them excellent candidates for power conversion applications.
The efficiency of these conversion systems is related to the on-state resistance (Ron) and consequently to the
improvement of the 2DEG resistance. Firstly, the effect of the aluminum molar concentration in the AlxGaixN
barrier has been investigated and has shown that ns enhancement is driven by Al-rich alloy concentration. This
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has been directly correlated to the increase of the interfaces polarization charges with Al  molar
concentration[2]. AlGaN thickness optimization has also been investigated and it has been reported that its
thickness increases ns thanks to the different coupling capacitance effect.

In the interests of continuous improvement, a very thin AIN spacer has been added at the AlGaN/GaN
heterojunction interface, with the aim of limiting the penetration of wave functions into the AlGaN barrier and
thus improving the 2DEG mobility. However, experimental studies do not show an enhancement of ns with
1nm AIN layer thickness compared to the conventional AlGaN/GaN heterojunction despite simulation studies
report a large increase [3][4]. In this work, we will carry out a qualitative and quantitative comparison between
measurements and simulations of the AIN thicknesses (0.7nm, 1.1nm and 1.5nm) impact on 2DEG ns and
mobility.

Another key parameter is the n-type doping of the AlGaN barrier. Indeed, at the beginning, it was believed
that the high level of donors could enrich the 2DEG channel and consequently increase it leading to a lower
Ropec. Contrary, in the very last state of the art studies, it is reported that the polarization mechanism prevails
over the doping electrostatic effect [2] and therefore it has no effect on the ns [3]. Moreover, it has been shown
that AlGaN doping leads to mobility degradation due to impurity scattering in the AIGaN/GaN heterojunction.
Here, we study the doping effect taking account of the thin AIN layer present at the heterojunction.

In this work, we will therefore attempt to give a comprehensive analysis of the AIN layer thickness and the
effect of n-type AlGaN doping by comparing C(Vg) and Io(Ve) measurements of normally on devices. These
measurements will be compared to theoretical simulations of the capacitance. For the simulations, the 1D
Schrodinger-Poisson equation the effective mass approximation (EMA) formalism for the I' valley is
considered.

2. Device structure and technology

Metal (a)
SiN
Al,Ga, N, N,
AIN
GaN:NID (b)
(nm) |Np(cm™3)
P-GaN = 07 oD
Buffer layers B 11 NID
C 15 NID
Si (111) Substrate D 0.7 1x1019

Figure 1 : (a) Cross-section of the studied structure. (b) Summary table of epitaxial
variations.

The studied test structures are normally on devices, which means a two-dimensional electron gas (2DEG)
is naturally present without external applied voltage. Indeed, this 2DEG onset occurs at the heterojunction
AlGaN/AIN/GaN at Ve=0V. The overall stack structure is very complex to optimize due to the high quality
GaN growth demand on a silicon substrate. The buffer layers consist of a few transition layers, which are used
to reduce the lattice mismatch between Si and GaN, which is in the order of 17% [5], followed by a carbon-
doped layer to decrease vertical leakage [6]. A p-GaN layer is then grown to ensure electrically neutral
boundary conditions for our simulations and screen the substrate effect variability. 2700nm of high-quality GaN
NID (not intentionally doped) is grown on the top of the pGaN layer. The addition of a thin AIN layer at the
interface of the well-known AlGaN/GaN heterojunction aims to increase the AIN/GaN band offset and the



device performance, as we will discuss in the following. AlxGaixN epitaxy with about 23% aluminum molar
concentration is then grown on the final heterojunction. On top, a SiN passivation layer, deposited by LPCVD,
improves the device properties as reported in many studies [7] [8] [9]. In this paper, four epitaxial variations,
shown in the table (Figure 1(b)), are investigated. Firstly, the impact of the AIN layer, varying from 0.7 to
1.5nm, is studied. Three samples are considered: 0.7nm (sample A), 1.1nm (sample B), and 1.5nm (sample C).
In addition, the effect of an n-type AlGaN doped barrier for an AIN thickness of 0.7nm is also considered
(sample D) in this study.

3. Polarization induced sheet charge density

These devices are based on 111-N family materials which are well known for their strong spontaneous and
piezoelectric polarization properties [10] [11]. Spontaneous polarization is naturally present in GaN, AIN, and
AlGaN alloy material, and arises from the variation of the cation-anion bond length along the c-axis from the
ideal structure. The internal cell parameter (u) is about 0.375 for the ideal wiirtzite structure. Due to this
deviation from ideality in I11-N materials, the u parameter is found, according to the work of Ambacher [12],
to be 0.377 and 0.382 for the GaN and AIN respectively. This explains the higher spontaneous polarization of
AIN (PAN=-0.09 C.m2and P$2N=-0.034 C.m) compared to GaN. The piezoelectric polarization account for
the deformation of the upper strained layer.

In Ambacher’s work [1], spontaneous and piezoelectric polarization in AlGaN/GaN heterostructrures was
investigated and the polarization charges were modeled. Here in this study, we extrapolate this theory to the
AlGaN/AIN/GaN heterostructure, which includes the presence of the AIN layer. A schematic of this
heterostructure with the polarization contributions of each layer is illustrated in Figure 2 for the Ga-polarity
condition.

o
5 |5— AlGaN/AIN

AN Py yPy, | 5

_________ .

Figure 2 : Schematic of the spontaneous (Psp) and piezoelectric (Ppz)
polarizations inside the AIGaN/AIN/GaN heterostructure



The GaN material is assumed to be completely relaxed, so that no piezoelectric polarization occurs.
Furthermore, the piezoelectric polarization of the AlGaN layer is calculated by assuming that the AIN thin layer
(tam € [0.7 nm, 1.5 nm)]) is fully constrained by the GaN layer as described by equation (1)

— 2
PpglGaN(X) = 2-d31(x)-—aGaN dalGanx), (011(95) + 12 (x)-—cm(x) ) (1)

aaigan ) c13(x)

The rigidities and piezoelectric coefficients respectively dijand cj are calculated as a function of the molar
concentration of aluminum content (x) using the Vegard’s law as:

dij(x) = x.dij(AIN) + (1 — x).d;j(GaN) (2)
cij(x) = x.cij(AIN) + (1 — x).ci5(GaN) 3)

The spontaneous polarization in the AlxGai-xN as a function of x is calculated according to equation (4)
where b is the bowing parameter taking equal to -0.021C.m>.

PAIGAN (x) = x. PAN + (1— x).PSN — b.x (1- x) (4

This leads to the definitions of dual polarization charges canean and the caicanv/ain resulting from the
polarization difference between the two materials at the interface; see equations (5) and (6) which are
respectively positive and negative.

1
Sunyean = 5 {PS™ = (BN + BEY)) ©
1
OuGaN/AIN = - {(PAIN + PAIN) — (PAlGaN 4 pAlGaN)} ©)
The two-dimensional electron gas will form in the GaN layer at the AIN/GaN heterojunction to compensate

the oavican charge which will be investigated in the remainder of this paper, The charge at the top between the
AlGaN/SiN interface will be considered compensated [13].

4. Experimental Results

Figure 3, reports the current-voltage Io(Ves) and capacitance-voltage C(Vg) characteristics for all the splits
A, B,CandD.
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Figure 3: In(Vg) and C(Vg) measurements at 1kHz respectively on B1500 device analyzer and
HP4284 LCR meter.

In the following, the first threshold voltage (V1) refers to the gate voltage condition for which the
formation of 2DEG channel occurs in the GaN layer. The second threshold voltage (Vin2) refers to the second
inversion channel formation occurring instead in the AlGaN layer. As reported in figure 3, C(Vg) and Ip(Va)
curves show that a Vi1 shift toward negatives values is observed by increasing the AIN thickness layer, while
for V2 an opposite shift, towards positives values, is observed. Furthermore, when comparing sample A and
D with the same AIN thickness but with n-type AlGaN doping for sample D, an important electrostatic shift
toward large negative values is observed for both C(Vg) and In(Vg) curves. For what concerns specifically the
In(Ve) characteristics, by comparing the samples A, B and C at VVe=0V, the current does not increase by
increasing tain thickness with a clear dependency. Indeed, for value of 1.5 nm, a degradation of the current is
observed. For sample D, the doped AlGaN layer leads to higher current level compared to the undoped cases
(A, B and C). Concerning the C(Vg) curves, similar maximum capacitances values are reported.

All the electrical parameters of AIGaN/AIN/GaN heterostructure such as ns, R2pec and p will be extracted
at Ve=0V to characterize the 2DEG channel under normal conduction conditions of the MOS-HEMTS devices.
The ns is extracted from the C(Vg) curves according to equation (7). The Rapeg is calculated with equation (8)
from the Ip(Vg). Finally, the mobility is deduced using equation (9). For samples A, B and C, extractions at
V=0V refer directly to 2DEG parameters while for the sample D, extractions at OV refer to the contributions
of both electron channels (GaN and AlGaN). The extraction results are reported in Figure 4(b). For sample D
in figure 4(b), Ropec, Ns and Y are extracted at V2 before the formation of the n-type AlGaN channel.
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Figure 4: (a) Simulated 2DEG electron density profile for four samples at 15V gate voltage. (b)
Extracted 2DEG parameters Rzpec, ns and s at V=0V for samples A, B, C and at Vi for
sample D, (c) Detailed AlGaN and 2DEG channel parameters for sample D.

The ns is find to increase linearly with the AIN thickness leading to a minimum resistance value at 1.1nm.
Indeed, the degradation of the mobility at 1.5nm limits the further improvement on the resistance. In addition,
for sample D, the ns(2DEG) at V2 is found to be similar to sample A, which differ only by the AlGaN doped
barrier. In figure 4(a), we report also the simulated 2DEG density as a function of the depth across the
heterojunction. These results confirm the increase of ns with the AIN thickness but it also show that ns increases
for sample D compared to sample A. The slight variation of the 2DEG value obtained by simulation compared
to the experimental extraction is explained by the simultaneous variations of both channels after the Vi, value,
which was not taken into account during the experimental extraction.



In figure 4(c), new ns(2DEG) is extracted taking into account of the second electron channel density for
Ve>Vinz. The new Ropeg value is lower than the one extracted at Vi, due to the increase of the 2DEG density.
The total resistance decreases to 323 Q /o due to the high level of donors in the AlIGaN. Finally, Raican IS
determined using equation (10).

5. Electron density and mobility
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Figure 5: Extracted effective 2DEG mobility as a function of the electron density for
sample A, B, C and D.

For a deep insight of ns, 1 and R correlations and their associate limiting mechanisms, figure 5 reports the
experimental 2DEG mobility as a function of the electron density ns. Two regimes are depicted, the moderate
inversion (ns < 5x10*2cm) and the strong inversion (ns> 5x10*2cm). Concerning the AIN thickness impact
at moderate inversion, no linear dependency with the mobility is observed. Indeed, at first, a degradation of the
mobility is observed passing from 0.7 to 1.1nm thickness value but then an improvement of the mobility occurs
at 1.5nm value. The opposite is observed at strong inversion, where the most deteriorated mobility is associated
to the 1.5nm AIN thickness. By considering these mobility effects and their non-linearity with the AIN
thickness, the minimum and optimal resistance value, at strong inversion, is found to be at 1.1nm, identified as
the best trade-off between these mobility and ns conditions.

In figure 6, we report the simulations results of the energy conduction bands and the 2DEG electron density
as a function of the heterojunction depth for the four splits. The case of an AlGaN/GaN simple heterojunction
has also been simulated and it confirms the benefit of the AIN spacer layer to eliminate the wavefunctions



penetration in the AlGaN. In other studies they also assume that the AIN spacer tend to reduce the effect of the
AlGaN alloy scattering mechanism on the 2DEG responsible for mobility deterioration [14] [15]. I. P.
Smorchkova’s work confirms experimentally an increase in the 2DEG mobility by the addition of this thin 1nm
AIN spacer at the interface of the AlIGaN/GaN heterostructure. Another study also reported no increase in ns
[16]. In this article, the mobility degradation observed at thicker AIN (1.5nm) layer could be associated to
enhanced roughness mechanism. Indeed, the degradation of the mobility occurs also through roughness even
between binary compounds. This effect is even enhance with higher values of polarization charges that tends
to push the 2DEG near the heterojunction as it is highlighted in figure 6 [17] [18]. Another assumption
explaining the mobility degradation is enhanced scattering mechanism due to dislocations with larger AIN layer
coming from the significant lattice mismatch between AIN and GaN has reported by X. Han et al. [19]

Concerning the n-type AlGaN-doping barrier as reported in Fig. 5, an overall degradation of the mobility is
observed for moderate and strong inversion. This is due to coulomb scattering because of the high level of

donor doping presence within 1 to 5 nm GaN channel. Exhaustive mobility calculations would provide enhance
expertise on the quantitative effect of each mechanism on this mobility degradation.
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Figure 6: 1D Schrddinger-Poisson simulations of the 2DEG electron density
and the energy conduction bands versus the depth. Two types of heterojunction
are considered the AlGaN/GaN (in yellow) and the AIGaN/AIN/GaN with two

AIN thickness (in blue).
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Figure 7: (a) Simulated structure, (b) Material parameters

The schematized structure in figure 7(a) is simulated by solving self-consistently the 1D Schrédinger-
Poisson equations under the parabolic mass approximation for the I'-valley. Wavefunction penetrations is also
considered in the heterostructure. The material parameters are taken from reference [13], and recalled in figure
7(b). The thicknesses of AlGaN (taican) and SiN (tsin) are extracted plotting Qinv/Cexp as a function of Qinv (Fig
8) [20] and then, from these extrapolated values, adjusted to fit the experimental capacitances (splits A, B, C

and D).
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B =Cql =W (11)

tsin

a = Crot = Caigan + Caiv + Csiny -~ (12)

Moreover, the back-barrier condition in the p-GaN layer is determined experimentally according to the
previous work [13]. Indeed, the electrostatic shift observed by varying teh on the C(Vg) curves, allows to extract
the most appropriate value for the equivalent doping concentration.

Figure 9, shows the effect of the AIN thickness on the simulated C(Vg) by computing the charges cain/can
and caicanv/ain calculated using equations (5) and (6) which assume complete polarization. The experimental
trend on Vi1 and Vi is reproduced, however the effect of the AIN layer is overestimated compared to the
experimental C(Vg). Indeed, Vi1 values are find too negative and Vi, values too positive compared to the
experimental characteristics. In order, to reproduce the experimental behavior, cainean and caican/AIN are
adjusted to account for the experimental Vi1 and Vino.
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Figure 9: Effect of the AIN layer thickness on the C(Vg) simulations, considering the
calculated charges from equations 5 and 6.

Figure 10(a) shows the simulations results compared to the experimental C(Vg) and figure 10(b)
recalled the fitting charges for all samples. canean and caican/ain Values are found to be respectively reduced
and increased as AIN thickness increases but also to be underrated compared to the value obtained using
equations (5) and (6). In Figure 11, we report the associate electron densities as a function of thickness across
the structure at different Vg conditions. They confirm the experimental effects observed on ns. Indeed, as AIN
thickness increases, the polarization charges are as well increased leading to an increased ns and to a larger
negative Vi1 (sample A, B and C).

On the other hand, as reported in Fig 10(d), considering the doped AlGaN barrier with an AIN of 0.7nm, the
electron channel in the AlGaN forms earlier at very large negative Vg conditions before OV. This earlier
formation is explained by the electrostatic effect induced by the high volume-doping concentration in the whole
AlGaN layer. Moreover, for Vg values very close to Vi, the formation of the AlGaN channel is associated by
a further slight increase of the 2DEG as shown in figure 10(d). This is linked to the formation of the AlGaN
channel at the AIGaN/AIN interface, therefore very close to the 2DEG channel. The progressive filling of the
AlGaN layers by electrons for values higher than Vi, explains the experimental capacitance characteristic trend
for the doped case (Sample D). Indeed, the progressive delocalization of the AlGaN electron channel barycenter



form the AlGaN/AIN to the SiN/AIGAN interface give meaning to a less abrupt capacitance characteristic
compared to the undoped cases (A, B and C). More importantly, it is worth to mention that the same polarization
charges found in case A have been considered for the doped AlGaN barrier to account for the Vin and Vi and

to explain the experimental result.
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Figure 10: (a) C(Ve) simulations (lines) and comparison with the experimental C(V¢) (dots) for
samples A, B, C and D; (b) Implemented interfaces charges to account for the experimental
results in 1D Schrédinger-Poisson resolutions
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As the polarization charges are found underrated with thinner AIN layers compared to Ambacher’s model
prediction, a model based on a reduced polarization is proposed. The parameter PR, being the reduced
polarization factor, is implemented in the cancan and caican/ain equations, respectively (13) and (14). In figure
12, the theoretical polarization charges are plot as a function of PR (solid line for caincan and dashed line for
oaicaN/AIN). In addition, we report the experimental PR calculated for each polarization charge from figure 9(b)
(symbols). The associate PR values for cainean and caicanain are found to be similar, within 3% of variation,
for each AIN thickness. Moreover, PR increases as AIN thickness increases. This trend includes also the sample
D, with the AlGaN doped layer, where the same PR as for sample A is extracted. Figure 13 reports the PR as a
function of the AIN thickness for all the samples. Two points are also reported: one from Berdalovik’s work
[21], which assumes 65% polarization for 3.5nm AIN to account its experimental results and the second from
the Ambacher’s work which consider a complete polarization for the polarization charges calculations at 30nm
AIN thickness[2].
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Figure 13: Empirical model predicting the evolution of the polarization rate in the AIN layer as a
function of its thickness

An empirical model is proposed (15) to reproduce the experimental trend reported in Fig. 13, where a, b and ¢
are respectively the fitting parameters. The observed reduction of the polarization as a function of the AIN
thickness can be the cause of a compensation effect between canean and caican/ain. This assumption is valid



only for very thin thickness (<0.7nm) to understand the trend on V1. Indeed, the variation of this caican/can
charge as affect only on Vi, yet, the Vo varie with the AIN thickness as we see in simulations and
experimental measurements in figures 8 and 9(a). For consequences, the charge caican/ain IS crucial to consider
the AIN effect, and we are not allowed to neglected the AIN for larger thickness.

Another hypothesis is the quality of AIN, if the polarization seems reduced maybe the AIN layer is not pure
AIN but some rich Al-layer. However, in B. Mazumder et al., they demonstrated growth of pure Al for 2nm
[22]. The charge might be compensated by some interface defects with the growth of an AIN layer with larger
lattice mismatch than the AlGaN. This phenomenon was reported by X. Han et al, who explained the reduction
in mobility within a larger AIN layer by the increase in interface dislocations induced by the increase in tensile
strain[19]. The explanation is still misunderstood, but the model of reduced polarization seems to give nice
approximations for model.

7. Conclusions

A comprehensive analysis of AIN thickness and n-type doping AlGaN layer on 2DEG resistance has been
carried out by comparing C(Vg) and In(Vc) measurements with 1D Schrédinger-Poisson simulations. We have
shown that the n-type AlGaN doping barely increase the 2DEG density and degrades the 2DEG mobility even
with the presence of a thin AIN layer. However, the high level of doping leads to an overall resistance reduction
due to the participation of two conductive channels (AlGaN, GaN). Concerning the effect of the AIN layer
thickness, we have reported a linear increase of ns with thicker AIN layer. This increase is justified by the
enhancement of the interface polarization charges at both AIGaN/AIN and AIN/GaN interfaces. To take into
account of this enhancement, we have assumed incomplete polarization for very thin AIN layer. The origin of
this incomplete polarization is however still unknown. Additionally, the improvement of the 2DEG resistance
is driven by ns and p enhancement. Thereby, by considering the mobility degradation mechanism appearing at
1.5nm AIN thickness, assumed linked to the interface roughness or scattering mechanism due to dislocations,
we have found that AIN thickness at 1.1nm lead to the minimal R2pec resistance. Finally, a simple empirical
model is proposed for device simulations taking into account of this thin AIN layer.
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