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Titanium Hydride Formation in Ti/Pt/Au-Gated InP
HEMTSs
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Abstract—Ti/Pt metal layers are anintegral part of the gate stack This study uses Auger electron spectroscopy (AES) to
of many GaAs PHEMTs and InP HEMTSs. These devices are known examine the effects of hydrogen exposure on Ti/Pt bilayers.
to be affected by H; exposure. In this study, Auger Electron Spec- v qrogen cannot be detected directly because of its light
troscopy (AES) measurements of Ti/Pt bilayers are correlated with - . . o
electrical measurements of InP HEMTS fabricated with Ti/PtAu  &OMIC We'ght' Using AES, hydrogen can be (jetected indirectly
gatesl The FET measurements show thatﬁexposure shifts the de- through Its effeCtS on the Valence band denSIty Of states and on
vice threshold voltage through the piezoelectric effect. AES reveals the energies of core levels in Ti when TjHs formed. In this
the formation of titanium hydride (TiH ) in Ti/Pt bilayers after  work, AES results are correlated with electrical measurements
identical H, exposures. These results indicate that the volume ex- of FETs fabricated with Ti/Pt/Au gates, and confirm that the

pansion associated with TiH, formation causes compressive stress f Tik in Ti/Pt | . iated with bi |
in Ti/Pt/Au gates, leading to the piezoelectric effect. After a sub- presence of Tikl in Ti ayers IS assoclated with piezoelec-

sequent recovery anneal in I, the FET measurements show that tric-induced changes in FET characteristics.
Vr recovers. AES measurements confirm that the TiH in hydro-

genated Ti/Pt bilayers also decreases after further annealing in N II. EXPERIMENTAL

Index Terms—Auger electron spectroscopy, hydrogen, InP ) ] ]
HEMT, piezoelectric effect, titanium hydride. Two types of test structures were used in this study. The first

structures were InP HEMTs, and were used for electrical mea-
surements. The heterostructure and fabrication details are found
in [4]. The FET gate metallization was 230Ti/250 A Pt/3000
YDROGEN sensitivity of 1lI-V FETs is a well-docu- A Au, with transistor gate lengths varied from Q.8 to 10,:m.
mented and serious reliability concern [1]-[4]. The mo$Dn a(100) substrate, devices oriented along fifiel ], [010] and
common gate metallization for devices intended for operatidfl1] directions were characterized.
in the millimeter-wave regime is Ti/Pt/Au. Electrical studies The second test structures were 250i/250 A Pt bilayers
have shown that both Pt and Ti play a key role ind¢nsitivity deposited on 4-in Si wafers which were coated with 1456f
[1]-[4]. Pt is known to be a catalyst forlbreaking it down LPCVD SiN,. These samples were used for AES measure-
into 2H, which diffuses through the gate [5]. Previous studigsents. The Auger spectra were collected with a cylindrical
have linked this mechanism to hydrogen passivation of donarérror analyzer using a primary beam energy of 2 keV and a
[5]. Hydrogen-induced degradation, however, has also besignal modulation voltage of 2 V. The measurement system
documented in FETSs fabricated with Ti-only gates [2]. This leagsed a rastered beam. Argon ion sputtering was used to obtain
to speculation that hydrogen exposure causes a change indbeaposition profiles of the structure.
Schottky barrier of the gat@ 5 ) due to the formation of titanium  Prior to testing, the FET samples underwent a thermal burn-in
hydride [2]. However, recent results have shown that the changg230°C in pure N, until any changes in device characteristics
in device characteristics exhibit a gate length and orientatidne to thermal processing were saturated. The device threshold
dependence, which cannot be explained by a changkgin voltage,Vr, was measureih situ during degradation.
but instead display characteristics typical of a piezoelectric Hydrogen exposure for both electrical and AES measurement
effect [3], [4]. It has been postulated that the formation of JiHsamples occurred in a temperature-controlled wafer probe sta-
produces compressive stress in the gate. This stress changedhesquipped with a sealed chamber which allowed the intro-
FET characteristics through piezoelectric-induced polarizatidimction of an ambient gas. The samples were annealed 4200
charges in the semiconductor [4]. Similar orientation-dependdat up to 3 h in either pure Nor forming-gas (5% Hin Ns).
changes in device characteristics have been observed in FE®Bowing the degradation anneal, some samples underwent a
with stressed dielectric over-layers [6], [7]. subsequent recovery anneal in purefir 15.

I. INTRODUCTION
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Fig. 1. AVy measuredin situ (a) during the anneal in forming-gas at
200°C, and (b) during the subsequent recovery anneal.iralN200°C. The
orientation dependence &V during forming-gas anneal is a key signatur
of the piezoelectric effect, indicating stress in the gate metal. Control samp
annealed in N shown in open symbols.

Fig. 2. AES measurement of Ti/Pt bilayers deposited on 4-in Si wafers coated

with 14504 of Si;N,. Spectra obtained in Ti (158 from the Ti/Pt interface)

after annealing in either Nor forming-gas at 200C for 1 h. The+1 eV shift

in the low energy (26 eV) Ti peak, and the emergence of a H-induced peak 5 eV
elow the main peak, are the characteristic signature of TAfter a subsequent
BBovery anneal in pureNthe H-induced peak nearly disappears.

depth
orientation-dependent changes in device characteristics have [ intoTi
been attributed to stress from the dielectric over-layer [6], [7]. ’
However, we have seen nearly identical results on devices with

no dielectric over-layer, showing that the gate is the source of

7 TPt
interface

relative intensity (a.u.)

the stress. Si;N,/Ti

Fig. 1(b) shows the change ¥ observed during the re- I interface \_~
covery anneal in pure N Observing the short gate-length de- 15 20 25 30
vices, we find that thé/r shift is largely recoverable after a energy (eV)

subsequent anneal in,Nit 200°C for 15 h. The recovery be-

PR ; ; P i« Fig. 3. Depth profile of Auger spectra in the Ti layer of Ti/Pt bilayers. The
havior is also proportlonal tQ/E’ suggesting that it is also dif large H-induced peaks in spectra obtained near Ti/Pt interface indicate near

fusion-limited. stoichiometric compositions of TiH The hydrogen content in the hydrides
The results of the Auger analysis performed on Ti/Pt bilayedscreases with increasing depth into the Ti layer, indicating nonstoichiometric

are presented in Fig. 2, which shows the Auger spectra in the®finPositions.
layer, 150A from the Ti/Pt interface. Relative to the,Montrol
sample, the sample annealed in forming-gas showkeV shift
in the low-energy Ti peak, and the emergence of a prominent,
hydrogen-induced peak 5 eV below the main peak. These are
the characteristic signatures of titanium hydride [8]. We have
focused on the low-energy (26 eV) Ti peak because, unlike the
other main Ti peaks, this region is not affected by the presence
of Ti-O or Ti-N bondings [9], [10]. Thus, this spectral region is R
a fingerprint for TiH, formation [8]. Depth into Ti (A)
Also shown in Fig. 2 is the Auger spectra obtained from hy-
drogenated Ti/Pt bilayers which underwent a subsequent Féy. 4. Plot of the ratio of the H-induced peak intensity to the total peak

covery anneal in pure Nat 200°C for 15 h. FoIIowing the intensities (Ti-peak H-induced peak), as a function of depth into the Ti layer.
| the H-ind d Kk h v di Soljd line indicates profile obtained after forming-gas anneal at’ZDér 1 h.
recovery anneal, the H-induced peak has nearly disappeaigiyeq jine indicates the profile obtained after a subsequent recovery anneal

These results are consistent with recovendf; observed in in pure N, at 200°C for 15 h.
FET electrical measurements.

Fig. 3 shows the depth profile of the Auger spectra in the Pieak intensity to the total (Fi H-induced) peak intensities as a
layer for hydrogenated Ti/Pt samples. The spectra obtained ntauction of distance into the Ti layer. The nearly stoichiometric
the Ti/Pt interface show a large H-induced peak and thefull compositions exist only close to the Ti/Pt interface. The hydride
eV shift in the main Ti peak. This indicates that the Jii$ composition becomes increasingly nonstoichiometric as we ap-
nearly stoichiometric [8]. The decrease in the H-induced pegkoach the SiN./Ti interface.
intensity as we approach thes8i,/Ti interface indicates that Fig. 4 also shows the results obtained from Ti/Pt samples
the hydrogen concentration in the Tjldecreases [9]. which were subjected to a subsequent recovery anneal in pure

To show more clearly the evolution of hydride compositiol, at 200°C for 15 h. After the recovery anneal, the hydride
through the layer, in Fig. 4 we plot the ratio of the H-inducedemains only in the upper regions of the Ti layer near the Ti/Pt
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interface. Thus it appears that the stoichiometric hydrides ahat TiH,., forms in Ti/Pt bilayers after exposure to hydrogen.

more stable and remain after thg Kecovery anneal, and the AES also showed that the amount of Tildecreased following

nonstoichiometric hydrides decompose. a subsequent Nrecovery anneal. These findings should be in-
The phase diagram of the Ti-H system shows that the equil&trumental in identifying a device-level solution to this problem.

rium system at 200C for low to moderate concentrations of hy-
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