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Schottky contacts on fluorine implanted AIGaN/GaN heterostructure with ideality factor
close to unity and low on-voltage threshold are presented in this paper. A SFs plasma anode
pre-treatment followed by a specific low-temperature annealing is also compared to a non-
annealed sample. In addition, physical-model parameters are extracted by means of
cryogenic temperature measurements to understand the conduction mechanisms involved
in annealed diodes, showing better DC performances than their non-annealed counterparts.
Furthermore, the annealing induces a decrease of the ideality factor, which sets the field-
enhanced thermionic emission as the main conduction mechanism, and reduces the
tunneling reverse current leakage. This effect is attributed to the recovering of the plasma-

induced damages.
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|. INTRODUCTION

GaN-based devices are highly suitable for power electronics thanks to their high
conductivity and electric field strength that enable low losses and high voltages 2 applications.
In power converters, the improvement of the on-resistance Ron permits higher efficiency* and
thus increased integrability®. For this purpose, Ni/AlGaN Schottky contacts are used as
Schottky rectifier diodes or field effect channel control electrode. Such contacts are very
suitable in the case of the Lateral Field-Effect Rectifier (LFER) anode because it contributes
actively to the channel state switching and also to the overall current driven in the device®’.

In this paper, Schottky-diode fabrication processes with Fluorine Plasma Treatment
(FPT) on the anode surface are described. FPT is a common GaN device-processing step
providing a normally-off operation. It has been already observed that the FPT improves
drastically both the forward and reverse characteristics of the Schottky contact on AlGaN
compared to an untreated one®°. However, dry fluorinated treatments mainly induce surface
damages that introduce undesirable states in the AlGaN layer, and endure thermal
instability’®!!, especially following the Schottky anode rapid thermal annealing (RTA). Hence,
in this study a specific low temperature annealing (LTA) subsequent to the FPT is
experimented for the first time to prevent DC performances degradation. Thus, low turn-on

voltage and on-resistance in the forward conduction mode!**4

, and low reverse current
leakages™™®, are obtained on a LTA-based process sample. The measurements revealed a
reduction of the ideality factor close to unity on the annealed contacts. To understand the
physical mechanisms permitting these results, cryogenic measurements were carried out
showing a good fit with the thermionic emission model, while the non-annealed contacts suffer

from more tunneling conduction. This effect is produced by the recovering of the plasma

induced damages'’°.



II. DEVICES FABRICATION PROCESS

AlGaN / GaN heterostructures are grown on high-resistive Silicon (111) substrate
by Metalorganic Chemical Vapor Deposition (MOCVD). The structure consists of a low-
temperature 20 nm thick and a high temperature 200 nm thick AIN nucleation layers,
followed by a 350 nm thick C-doped GaN buffer, a 1.5 nm AIN spacer, a 15 nm Alo3Gao7N
barrier layer and finally a 5 nm thick SiN cap layer.

Two wafer samples — A and B — are mechanically cleaved from the same epitaxy
and are simultaneously processed. Devices fabrication starts with Ti/Al/Ni/Au ohmic
contacts evaporation with thicknesses of 12/200/40/100 nm, respectively, followed by a
RTA at 850°C for 30 seconds in N2 atmosphere. In order to electrically isolate devices, a
nitrogen ionic implantation is performed to deeply destroy the crystal lattice and cancel
the two dimensional electron gas (2DEG)?. The ions diffusion is estimated to be
approximately 400 nm depth, using TRIM calculations. Then, a 200-nm SiN layer is
deposited as passivation layer using a SiH4 / NH3 gas mix by plasma enhanced chemical
vapor deposition (PECVD) method, at a temperature of 340°C, and at last, samples are
annealed during 20 minutes at 400°C in N2 atmosphere. CHF3 / CF4 reactive ion etching
(RIE) removes PECVD-SIiN passivation and MOCVD-SiN cap layers?, to release ohmic
contacts and AlGaN surface before anode pretreatment and deposition. The key step relies
on a SFe-based hybrid reactive ion etching / inductively coupled plasma (RIE/ICP)
treatment as FPT ,set on a 30sccm flow and a pressure of 50mT, at room temperature during
10 minutes. The RIE RF power and the ICP power are 80W and 40W, respectively, and
the self-bias voltage is 28 V. This value is relatively low as compared to standard measured

voltages regarding AlGaN fluorinated plasma treatment which are typically around 100



V2223 put it ensures low damages on the surface®»?®. LTA is experimented on the sample
A, consisting of a first plateau at 250°C and a second at 350°C, each one for 180 minutes,
with a slope of 10°C/min, under N2 atmosphere. No annealing is performed on the sample
B counterpart. Subsequently, a Ni/Au Schottky contact deposition is performed with
thicknesses of 40 nm and 300 nm, preceded by a smooth Ar* beam to clean the AlGaN
surface. Then, the contacts are annealed at 400°C for 20 minutes under nitrogen
atmosphere. Figure 1a summarizes successive steps of the process flow.

The devices under test, shown in Figure 1b, consist in a dual contact, with anode
and cathode surfaces of 100*32 umz2, 5 um apart. Finally, the ohmic contact resistances Rc,
obtained by transmission line method, are 0.41 Q.mm on sample A and 0.68 Q.mm on
sample B, well located in the current state-of-the-art 228, The channel square resistances

Ro, measured by Hall effect, are 406 Q/o and 388 Q/o, respectively.
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FIGURE 1: Representation of the fabrication process flow (a) and transverse view of

epitaxy and device structure (b).



lIl. RESULTS AND DISCUSSION

A. MEASUREMENTS AT ROOM TEMPERATURE

Five devices of each type are measured with a good repeatability. Figure 2 shows
the static current characteristic of two selected diodes as a function of the forward and
reverse voltages. The sample A displays the best performances with a Von (at ImA/mm)
and a total Ron (at maximum I-V slope) about 0.54V and 3.7 Q.mm, respectively. The
sample B exhibits the same Von but a Ron of 5.2 Q.mm, which is approximately the on-
resistance value found by Chiu et al.? for similar GaN Schottky devices with fluorine
treatment. Process optimization clearly enables better Schottky diodes performance, but
the given Ron feature includes the contribution of all partial resistances: Rc, Rs, and the
Schottky contact resistance Rs. Excluding the cathode contact and channel resistances, the
effective Schottky contact resistance, Rs, value is 1.26 Q.mm and 2.58 Q.mm on samples
A and B, respectively. They are extracted using the following equation:

[ R (1)
Rs = Ron = Ro*———~,

Where R is the channel square resistance, | is the anode-cathode length, Rc is the
ohmic contact resistance and w the diode width. The reverse current leakage at -50V are
32 pA/mm and 130 pA/mm on devices A and B, respectively. It is observed that LTA
permits reducing of Rs and Ir. The reduction of Rs using the LTA is related to the
recovering of the damages induced by fluorine plasma on the crystal structure. Thus, the

higher Ron 0n samples B can be attributed to unrecovered damages.
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FIGURE 2. Forward (a) and reverse (b) current-voltage characteristic of Schottky diodes.

B. I(V)-TEMPERATURE MEASUREMENTS

For an ideal Schottky contact, the reverse saturation current Is and the barrier height
¢p Vvariations are opposite from each other according to the Schottky-Mott thermionic
emission (TE) model, described in equation (2). The higher the barrier is, the lower the
saturation current. On the previous devices, the decrease of the reverse current on the post-
annealed samples is observed, while Von keeps the same value. It is inconsistent, compared

to a pure thermionic emission model.



b

Ig = AA*T?exp (——

kT

)

A, A", k, T and ¢» are the contact surface, the Richardson constant, the measure

temperature, the Boltzmann constant and the Schottky barrier height, respectively.

In order to understand the conduction mechanisms through the Schottky contacts,

cryogenic temperature measurements are led from 77 K to 300 K in low vacuum ambient

of 10® mbar to avoid the freezing of the air moisture. The tested devices anode length is 3

pum to limit the equivalent parallel resistance. Results of the measurements are plotted in

Figure 3. Two methods of analysis, based on different representations of a Schottky

contact, are studied and compared to explain the different behavior between the samples A

and B.
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FIGURE 3. Forward current as a function of voltage, plotted at temperatures from 77 K

to 300 K.

The first studied model was introduced by Werner and Giittler®°, taking into account

barrier height fluctuations along the contact surface. Indeed, the contact inhomogeneity

causes local variations of the barrier height, inducing some leakage paths at lower energy



levels. The barrier is represented by its average height <¢»> and the standard deviation o.
The origin of these inhomogeneities lay on the defects in material such as dislocations of
the AlGaN layer. Thus, <¢»> and o are extracted from the apparent ¢p as a function of

temperature (Figure 4), following the equation:

2 3
bu(1) =<y > -, ®)

For sample A and B an average barrier of 0.93 eV and 1.01 eV with a standard
deviation of 0.12 eV and 0.13 eV respectively, are calculated. This is consistent with other
results obtained by the same way. Shin et al®! and Karboyan et al.®?> demonstrated similar
barrier height of 0.98 eV and 1.07 eV, respectively, for Ni/AlGaN contact. Kim et al.*
found a much higher 1.55 eV barrier height with a deviation of 0.19 eV, using a fluorinated
plasma anode-pretreatment on Pt/AlGaN Schottky contact, and Garg et al.>* showed a 1.79
eV-barrier height using a Cu/AlGaN contact. However, these close values between both
samples are not significant when compared to the deviation, and does not explain the

different reverse characteristics. Thus, the improvement of the reverse behavior does not
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FIGURE 4. Schottky barrier height as a function of g/2kT. The solid lines fit are

calculated from equation (3) (a).



rely on the dispersion of the barrier height, no more than the average height since device B
suffer from more current leakage whereas it has approximately the same <¢p> than sample
A.

Because the previous model does not explain the improvement provided by the
LTA, a second method studying the temperature dependence of the ideality factor 1 is
investigated. In this model, others conduction modes than TE existing simultaneously are
considered, such as the tunneling effect (TU) and the trap-assisted or field-enhanced TU
mechanisms, and the field-enhanced thermionic emission (TFE). In this study, only the
overall tunneling conduction is considered, hence the different tunneling conduction modes
will be not distinguished. With regard to the measured Schottky barrier height in a
Ni/AlGaN contact, the TE mode at room temperature cannot provide enough energy to the
electron to cross the barrier, so TFE should be the main TE mode.

From n measurements, the tunneling parameter Eoo, giving information about the
TU contribution, can be extracted. Figure 5a shows a schematic representation of Egg on
Ni/AlGaN/GaN band diagram. When Eqo >> KT, the tunnel current is predominant on the
overall current through the contact. When Eoo ~ KT, the conduction is mainly ensured by
the field-assisted thermionic emission®. In reverse bias, the tunnel current is added to the
majority carrier saturation current specific to the TE mode, increasing the leakages. Figure
5b shows the ideality factor of each device as a function of temperature. At room
temperature, 1 of 1.23 is measured on the annealed sample A, which shows good
performance as compared to those found in literature®**%3" and 1.73 for sample B. Then,
Eoo is obtained using a regression of the n(T) curve according to the following Padovani

equation®®:



0= () cn(t), O

Where g, k and T are the elementary charge, the Boltzmann constant and the
temperature respectively. Values of 27 meV and 38 meV are obtained for devices A and B
respectively. In forward bias, the field enhanced thermionic emission is set as the main
conduction mechanism in sample A when compared to the thermal energy kT/q at 300K
(26 meV), while sample B suffers from more tunneling conduction. Nevertheless, it is a

relatively good result when compared to other studies regarding Ni/AlGaN Schottky barrier
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FIGURE 5. Schematic Ni/AlGaN/GaN band diagram indicating the preferred electron

path according to the Eqo level (a). Ideality factor as a function of temperature. Solid

lines represent Padovani fits (b).
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diodes. Lii et al.*® obtained also a low Eqo of 27 meV, but the literature reports a large range
of values from few meV to 100 meV in most of cases**,
To complete this analysis, the flat band barrier height ¢rg and the saturation current

are calculated. Wagner et al.*® formulated ¢rs by the following equation:

kT _ /N,
bra =~ (n =1~ In(5E), ©)

2
with N = g;om” - (222)’, (6)

Where N is the state density in the conduction band for Alo3Gao7N, Np is the
AlGaN donor concentration, and €sc, M" and # are the AlGaN permittivity, the electron
effective mass and the reduced Planck constant, respectively. Donor concentrations of
2.10%* m® and 3.9.10%* m are calculated for samples A and B respectively. Then, ¢rg Of
0.88 eV for device A and 1.11 eV for device B are obtained, constituting approximatively
the <¢n> values found with the previous method. However, these results seems lower than
those found in the literature. For example, Kim et al.3, Lv et al.*® and Greco et al.*’ found
flat-band barrier heights of 1.4 eV, 1.6 eV and 1.12 eV, respectively, using the same

method. Table 1 summarizes the results of both methods used. The saturation current Is is

TABLE |. Comparison between Schottky barrier and theorical saturation current

according both barrier calculation methods, and for samples A and B.

Method ~ Werner et al. Wagner et al.

Sample  <¢p> (eV)  Is (nA/mm) orB (V) Is (nA/mm)
A 0.93 0.24 0.88 1.6

B 1.01 0.011 1.11 2.3.10*

11



given for each barrier values from (2). It appears that the TE reverse current contribution
is always negligible compared to Ir, confirming that its reduction only depends on the
tunneling effect lowering. However, the Ni/AlGaN contact still has to be improved before

reaching its optimum behavior limit.

IV.SUMMARY AND CONCLUSIONS

In this paper, an improvement of reverse and forward characteristics of Ni/AlGaN
on Si Schottky diodes, showing a low 0.54V on-voltage, is demonstrated using a long
thermal annealing prior the Schottky contact deposition. The LTA permits a reduction of
the contact serial on-resistance, divided by a factor two and thus enables higher current
density than the non-annealed sample. Calculation shows first an equivalent barrier
homogeneity of the Ni/AlGaN interface between both samples, and close barrier height
values. Then, it appears that the LTA significantly reduces the ideality factor from 1.73 to
1.23. It permits a decrease of a decade regarding the tunneling reverse current, as it is still
the main cause of leakage. These results open the door to low-losses and low-leakages GaN

diodes for power electronics.
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