Electron trapping in metal-insulator-semiconductor structures on n-GaN
with SiO , and Si3;N, dielectrics
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Electron trapping in Al-gate-GaN/nitrided-thin-GgO5/SiO, and n-GaN/SigN, MIS capacitors

was evaluated by capacitance-volta@e-V) measurements. Significant positive flatband voltage
shift (AV;,) was observed with increasing starting dc bias in @&V measurements. For similar
equivalent oxide thickness and under the s&@r&/ measurement conditionaVy, in the nitride

was 3-10 times larger than in the oxide samples. It is suggested that flatband voltage shifts are due
to border traps in Si@and to interface and bulk traps ingSi, samples© 2004 American Vacuum
Society.[DOI: 10.1116/1.1806439

[. INTRODUCTION sampley andn-GaN/SgN, MIS capacitorgSisN, samples
by monitoring positive flatband voltage shiftAVy,) using

Studies of GaN metal-insulator-semiconduct@vllS)  capacitance—voltage(C—V) measurements. For similar
structures have focused on reducing the interface trap lev@lquivalent oxide thickness and under the sabe/ mea-
density(D;), and several researchers reported on promisingurement conditions\Vy, in SisN, samples was 3-10 times
n-GaN MIS structures with lovD;.."~> We also reported sig- larger than in SiQ samples. We suggest that flatband voltage
nificantly reduced electron trapping im-GaN/thin-  shifts are due to border traps in Si@nd to interface and
Ga03/SIO, structures in which the dielectric is produced by bulk traps in SjN, samples.
a two-step process(i) remote plasma-assisted oxidation
(RPAO) of GaN to“form a thin interfacial oxide~0.6.nm Il. EXPERIMENTAL PROCEDURES
thick) followed by (ii) remote plasma enhanced chemical va- ) )
por depositiofRPECVD) of SiO,.** Based on initial studies Then-GaN grown on sapphire substrailﬁégere etched in
using a variety of dielectrics, extensive research@av ~ 1:5 NHOH/H,O mixture at 80 °C for 15 min. For the SjO
characteristics at high-temperatﬁr‘b? electron trapping, samples, tht_a §ubstrate as-loaded into our custom-built cluster
band offset energids'’and thermal annealifare required 100! was oxidized by remote £He plasma at 0.3 Torr for
to fully understand the surface passivationneGaN. 30 s to form a superficial G&; layer, and theq nitrided by

It is well known that SiN, presents a high density of bulk "€mote N/He plasma at 0.3 Torr for 90 s; SjQvas then
trap levels, and this seriously limits the usefulness ghgi deposited by RPECVD using SjH2 vol % in He) and an
as a gate dielectric on Si without an intermediate Sager. ~ O2/He gas mixture at 0.3 Torr. For thes8i, samples, sili-
As revealed by sequential etching of5Si films 12 they con nitride was d!rectly depoglted on wet-etched GaN by
present a nearly uniform spatial distribution of trap levels. InRPECVD using Sil (2 vol % in He) and an N/He gas
the Si—SiQ system, trap levels are located very close to thdnixture at 0.2 Torr. In all remtonte plasma processing the sub-
Si/SiO, interface; electron trapping in bulk Sjds negli- ~ Strate tema(’alrllature was 300 °C, and rf power was 30 W at
gible compared to that associated with the Si/Si@erface  13-56 MHz."" After Si0, or SN, deposition, the samples
or bulk SN, However, GaN/SN, structures have been Were annealed at 900 °C for 30 s in Ar. A 300 nm thick Al

preferred over GaN/SiCto minimize parasitic substrate oxi- 12Yer was evaporated onto the samples and defined in square

dation during dielectric deposition. Parasitic substrate oxidaShaPe by conventional lithography. Postmetallization anneal-

tion, or subcutaneous oxidation, usually results in a high denl"9 Was performed at 400 °C for 30 min in forming gas
sity of interfacial defectd* Preventing subcutaneous (N2/Ha). The electrical properties of-GaN MIS capacitors

oxidation with a sacrificial Si lay&or intentional, controlled Were investigated using an HP 4284A meter. The area of the

oxidation of GaN(as we d&® prior to SiO, deposition Jevices under test wad—4) X 10 crre,

should provide more room to reduce the density of interfacial

and bulk defects in MIS structures on GaN by using SiO lll. EXPERIMENTAL RESULTS

rather than SN, as the dielectric. Moreover, Si(rovides Figure 1 displays measured and simulaBeV curves for

increased band offset energies with respect to GaN as COM%;, and SiN, samples with equivalent oxide thickness

pared to SN, From this point of view, AJOs is also an  (EQT) of 10.5 and 10.9 nm, respectively. TheSeV curves

attractive dielectric. . were measured at 1 MHz and 25 °C in the dark. The gate
In this study, we have evaluated charge trapping in,,jtage Vs was swept from positive to negative: before

n-GaN/nitrided-thin-GgO3/Si0, MIS  capacitors (Si0;  gyeepingVg was held at the dc starting value for 10 s. In

the evaluation of expressions for the theoreticad-V

¥Electronic mail: gerry_lucovsky@ncsu.edu curves®>®the same fundamental constants as in a previous
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Fic. 3. Flatband voltage shift in SiCand SiN, samples as a function of
Fic. 1. Measured and simulated—V data from SiQ and SiN, samples. maximum(starting dc bias in theC—V measurements.
EOT is 10.5 and 10.9 nm, respectively.

sample is several times larger than that for the ,Si@mple

report were used. Assuming that the work function of both piased to the same starting voltageC#+V data from both
n-GaN and the Al gate is 4.1 eV, the flatband voltaggeis  samples show good linearity and clear deep depletion with-
-0.4 and 1.0 V, respectively. out inversion below the threshold voltage. For the SiO

Figure 2 displays additionaC—V curves and 1€°-V  sample, the net donor concentratiNg calculated from the
data. In theC-V characteristics of both SiOand SiN;  linear portion of 1€2-V increases from 4.10 to 4.18
samples, increasing the starting dc bigs from O to 6 V. x 10'7 cm2 as the starting/g goes from 0 to 6 V; for the
leads to increasing shift along the gate voltage axis withougi,N, sample, it increases from 4.20 to 4430 cm3,
severe stretchout. Positive-biasing these structures favouch increase is due to the emission of trapped electrons and
electron injection from the GaN substrate into the dielectricsappears as minor stretchout in tBe-V curves.
Accordingly, Vi, shifts to the positive voltage direction, cor-  Figure 3 displays\Vy, data from SiQ and SiN, samples
responding to progressive buildup of negative charge in thef EOT ~30 and~10 nm as a function of startingg (maxi-
MIS structures. The flatband voltage shift/y, for the SN, mum positive biagin the C—V measurements. It quantita-
tively reveals the behavior observed in Fig. 2, namely that
AVy, monotonically increases with increasing startingand

J25 that AVy, is larger for the SN, samples. For both SiCand

30 SisN, samples AVy, at a given bias is more severe in the
o EoT=105nml 12° sample with thinner dielectric, which is submitted to higher
g 25f C,=267pF | 1 electric field. The data is consistent with electron trapping in
§ 20 Increasing § 155‘1- successively deeper trap levels, which become accessible as
% e the electric field is increased. It is interesting to note that
‘é 15 10{; there is no evidence afVy, saturation, which could be ex-
© 10 ‘5 = pected as long a¥; is kept below the onset of dielectric

\ degradation. The same observation was made in another re-
s . v n =—lo port of electron trapping in MIS structures on GaN.

6 3 GateVo?ta e (V) 3 6 Figure 4 shows hysteresis windows @+V data from
9 SiO, and SN, samples. In all measurements the gate volt-
35 SIN 30 age was first swept from positive to negative and then back.
\ EOT=10.9nm| SN, o :

10 C, =261 pF 125 For both samples, the data indicate that a low maxinvgn
o results in a small hysteresis window. Increasing the maxi-
£ 250 I mum Vg leads to theAVy, already shown and to significant
g 20l. l:::rseaslng 1is% hysteresis windows. Figures for the $Si®mple under the
5 (0to6V) z bias range 20 V are\Vy{=1.5V (trace and 0.7 V (re-
%15- -10‘}\_’ trace, indicating that approximately half of the electrons
© \ / trapped under positive bias remained so during retrace. If all

Ll Y ¥ (b) T° the activity takes place at the dielectric/GaN interfacé

5 . . ) ; - 0 X 10"t q cm™ (where q is the elementary charge, 1.6022

4 4 2 0 2 4 X 1071 C) is released between trace and retrace. When the

Gate Voltage (V) bias range was +60 V for amGaN MIS structure featuring

Fic. 2. C—V and 12—V data for(a) SiO, and(b) SiN, samples. From left & ~100 nm tyic_k Si@ dielectric film, AVfb:4.V (trace and
to right curves, starting dc bias is 0, 2, 4, 5, and 6 V. 2 V (retrace.” Figure 4b) reveals that the §\N, sample un-
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Elaer;];.esHysteresis window InC-V data from (@) SIO; and (b) SisN, Fic. 5. () C-V characteristics of MIS capacitors featuring $iés the

dielectric with measurement temperature as parameter, inclgdjriyster-
esis window behaviolC,, is the capacitance of the MIS structure biased to
accumulation.

der the bias range +8 to —10 V yieldsVy,=2.6 V (trac®  jn the measured positive flatband voltage shift. Therefore, the

and 1.9 V(retrace. Again, if all the activity takes place at actual pyroelectric charge coefficient of GaN should be
the dielectric GaN interface;~5>< 1011 q Cm_2 is released smaller than the number just presented_

between trace and retrace.

Figure 5a) showsC-V characteristics of MIS capacitors
featuring SiQ as the dielectric with measurement tempera—lV' DISCUSSION
ture as parameter. Increasing temperature leadsitan- A seemingly possible explanation for the observed elec-
creasing flatband voltage shift in the positive voltage directron trapping is the presence of electronic states at the
tion; (ii) C-V curve stretchout; andii ) increasing measured GaN/dielectric interface. However, we note that the substrate
capacitance at the negative voltage end of the sweep rangs.doped toNp >4 X 10*” cm 3, and as a result the semicon-
We attribute observation$) and(ii) to enhanced activity of ductor Fermi level is~0.1 eV below the conduction band
electronic states spatially located close to the dielectric/GaNdge. We further consider that Si®@amples as presented in
interface, as discussed in the next section. Observégiiion Fig. 1, showingV;, <0, should have nearly all interface
could be due to minority carrier generation, as under reducestates occupied under thermal equilibriune., Vg=0).
gate voltage sweep rate at room temperafufially, Fig.  Therefore, little further trapping should be possillethe
5(b) shows that theC—V hysteresis window increases with GaN/nitrided-thin-GgO; interfacedue to substrate electron
increasing temperature. Such increase is attributed to errjection. The situation is different for $il, samples as in
hanced releasédetrapping of electrons when the gate is Fig. 1. In this caseVy,=1 V corresponds to a finite energy
biased belowy, (end of trace, beginning of retracat high  interval next to the GaN conduction band edge in which
temperature. interface states possibly existing in the samples are unoccu-

In principle, the observed temperature-dependence of thgied under thermal equilibrium.
flatband voltage allows us to estimate the pyroelectric charge The considerations above call for an assessmeX,ah
coefficient of GaN(Ref. 6 as~3x10° gcm? K™% How-  Si;N, samples. Figure 6 displayB; data as obtained from
ever,C—V curve stretchout and hysteresis window indicateboth SgN, and SiQ samples at room temperature using the
that electron capture and emission associatédear) inter-  high-low frequencyC-V (1 kHz—1 MH2 and the ac con-
face traps increase at high temperature and are not negligibbhictance technique®D;, at 0.3 eV below the conduction
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2| () 510 nitrided-thin-Ga,0, SisN, samples; in Si@samples such dependence, if existent,
() SN, i) '@f is not as strong. Due to the sample preparation conditions,
107} g the GaN/SiN, and GaN/nitrided-thin-G®5/SiO, inter-
. 8 £ o0° faces should be independent of dielectric thickness, and so
% 6 =) should electron trapping at these interfaces. Therefore, we
"5 4 conclude that electron trapping in the;l$j samples is oc-
< curringbothat theinterfacewith GaN and in théoulk dielec-
Q measured at 25°C tric film.
o= Tgm:’m:;:"y To explain electron trapping in Sisamples we invoke
10" the concept of border trap presented by Fleetwebal > In

45 04 03 02 01 00

E-E, (V) essence, these are traps spatialgse to but not at the

dielectric/semiconductor interface. Physical separation dis-
Fic. 6. D, as determined in SiDand SiN, samples using the high-low Cconnects the border traps from electrical activity at the inter-
frequency and the ac conductance techniques at room temperature. face up to the point that energetic carriers are capab|e of
traversing the region of separation. Given our experimental
) ) results and considerations made so far, we attribute to border
band edgeE, is ~5 and~6x 10t ‘?m_z ev?, respectively,  raps the electron trapping in Si@amples. Further, we sug-
for the SiG and SiN, samplesDy in the latter gives room  gegt that the nitrided-thin-G&4/SiO, interface (distant
to significant electrical activity, compatible with our obser- _ g nm from the true semiconductor/dielectric interface,
vations of electron trapping. ThB; figures in the limited GaN/nitrided-thin-Gg05) as the physical location of the

energy range available due to measurement at room tempefgy ger traps. This could be confirmed using the approach of
ture are similar to th®;; reported for an oxide/nitride/oxide Johnsoret al® High electric fields and/or high temperature

gate stack on Ga&IAIready atE-Ec<—0.4 eV the high-low would make such states available to electrons injected from

frequenlc )I/<E|_V techtn:que prowdhest unﬁereséﬂmat@q be- %he substrate. It is not possible at present to assign the energy
pa:usfe tZt IS nl\? ow gnougd ° faﬂ?w_l_ c resp:onse. OYistribution of trap levels, neither at the GaN4I$j nor at
intertace states. o use is made ol the ferman techniqug . nitrided-thin-GsO3/SiO, interface. Studies of the tem-

because interface states continuously distributed in enerdye ature dependence of current-voltéigeV) characteristics
could be interpreted as increas¥g, resulting in severe un- .
may be useful for such as&gnméﬁt.

derestimation oD Under the recurring evidence of poor electrical quality of

.AS a further step to _understand ele_ctron trapplr_lg n theGaN/S'gN4 interfaces and an indication of charge trapping at
SizN, samples and seeking an explanation for trapping in the

Si0, samples, we assume for the moment thik, is en- nitrided-thin-GaO;/SiO, interfaces, we now use constraint

tirely due to charge trapping at the semiconductor—dielectriéheory as in Ref. 20 to justify the present results and in an

interface and convert the data in Fig. 4 to dielectric trappeoattempt to identify what could be a more successiul

charge densityy, by USING Qg = Co Ay, WhereC,, is the dielectric/semiconductor interface structure for MIS devices

capacitance of the MIS structure biased to accumulation. wan GaN. "_1 essence, one seeks a structure shoyvmg an aver-
also convert maximum gate bias to electric field in the di-29¢ coordination numbe,, that matches constraints to de-

eleCtricE gy USINGEgy=Vox/tox o= (Vo= Vio = 1)/ tox oq WheTe grees of freedom. If both bond-bending and stretching forces

Vox is the voltage drop across the dielecttig,eqis EOT, and ar;e_present, the optimal average coorqination numbe_r is
s is the semiconductor band benditegligible under ac- Nay=2.4 Overconstralneq networks, i.e., t.hose V,V'th
cumulation. The resultingQoy(E,y) data is shown in Fig. 7. Nav>Nay suffer from strain energy accumulation, which

At constant electric fieldQ,, depends on the thickness of the [€@ds to defects. Experiments have shown Mygt-3 repre-
sents an upper boundary between low defect density

(~10'® cm3) and increasingly defective materialswe cal-

() SIO Jnitrided-thin-Ga,0, cuIateNaV:3.§ for thg GaN/ §N4 interface and\,,=3.2 for

1014’ (a) 34.2 nm, (b) 10.5 nm the GaN/nitrided-thin-G#3/SiO, structure. These are es-
| () SIN, sentially weighted averages of the biNk, for the materials

(c) 28.7 nm, (d) 10.9 nm involved. The difficulty in making a high-quality interface to

-
%

GaN is consistent with itdl,,=4.0. SEN4, Ga0Os, and SIQ

(C=1C)] :
haveN,,, respectively, equal to 3.4, 3.0, and 2.7. Therefore,

Dielectric Trapped Charge
Density (gfem?)

102 considering constraint theory alone, an abrupt GaN4$i©
terface could be preferred. However, it has been pointed out
": that there is an inherent mismatch of electronic and nuclear
107 charge between GaN and deposited dielectrics such as SiO
6 1 2 3 4 5 6 7 resulting in poor interface®. The plasma oxidation step that

Electric Fleld (MV/cm) produces a thin G®; layer on GaN was then proposed to

FIG. 7. Quu(Ey,) data obtained from the results in Fig. 3 under the assump-"€SUlt in the redistribution of electronic charge necessary to
tions discussed in the text. produce an adequate interface. Under that interpretation, our
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