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Hydrogen sensitivity of m-V field-effect transistors (FET) is a well documented and serious 

reliability concern [1-3]. The most common gate metallization for devices intended for operation 

in the millimeter-wave regime is Ti/Pt/Au. Electrical studies have shown that both Pt and Ti 

play a key role in H2 sensitivity [1-3]. Pt is known to be a catalyst for H2, breaking it down into 

2H, which diffuses through the gate [4]. Previous studies have linked this mechanism to 

hydrogen passivation of donors [4]. Hydrogen-induced degradation, however, has also been 

documented in FETs fabricated with Ti-only gates [2]. This lead to speculation that hydrogen 

exposure causes a change in the Schottky barrier of the gate (fa) due to the formation of titanium 

hydride [2]. However, recent results have shown that the changes in device characteristics 

exhibit a gate length and orientation dependence, which cannot be explained by a change in <]%, 

but instead display characteristics typical of a piezoelectric effect [3]. It has been postulated that 

the formation of TiHx produces compressive stress in the Ti layer, and tensile stress in the 

underlying semiconductor. This stress changes the FET characteristics through piezoelectric- 

induced polarization charges in the semiconductor [3]. Similar orientation-dependent changes in 

device characteristic have been observed in FETs with stressed dielectric over-layers [5-7]. 

This study uses Auger Electron Spectroscopy (AES) to directly examine the effects of 

hydrogen exposure on Ti/Pt bilayers. Hydrogen cannot be detected directly because of its light 

atomic weight. Using AES, hydrogen can be detected indirectly through its effects on the 

valence band density of states and on the energies of core levels in Ti when TiHx is formed. In 

this work, AES results are correlated with electrical measurements of FETs fabricated with 

Ti/Pt/Au gates, and confirm that the presence of TiHx in Ti/Pt layers is associated with 

piezoelectric-induced changes in FET characteristics. 

Two types of test structures were used in this study. The first structures were lattice-matched 

InAlAs/InGaAs modulation-doped FETs fabricated on InP substrates, and were used for 

electrical measurements. The details of the FET structure and fabrication are found in [3]. The 

FET gate metallization was 250Ä Ti/ 250Ä Pt/ 3000Ä Au, deposited by e-beam evaporation. 

The transistor gate lengths varied from 0.8 (xm to 10 ^im. On a (100) substrate, devices with 

gates oriented along the [011], [010] and [Oil] direction were characterized. 



The second test structures were 250Ä Ti/ 250Ä Pt bilayers deposited on 4" Si wafers which 

were coated with 1450Ä of LPCVD Si3N4. These samples were used for AES measurements. 

The Auger spectra were collected with a cylindrical mirror analyzer using a primary beam 

energy of 2 keV and a signal modulation voltage of 2 V. The measurement system used a 

rastered beam to avoid problems associated with surface decomposition after prolonged electron 

bombardment. Argon ion sputtering was used to obtain composition profiles of the structure. 

Prior to testing, the FET samples underwent a thermal burn-in at 230°C in pure N2 until any 

changes in device characteristics due to thermal processing were saturated. The device threshold 

voltage, VT, was used to monitor hydrogen-induced degradation. VT was measured in situ 

during degradation. 

Hydrogen exposure for both electrical and AES measurement samples occurred in a wafer 

probe-station equipped with a heated chuck and a sealed chamber which allowed the introduction 

of an ambient gas. The samples were annealed at 200°C for up to 3 hours in forming-gas (5% H2 

in N2). Control samples were annealed in pure N2 under identical conditions. Following the 

degradation anneal, some samples underwent a subsequent recovery anneal in pure N2 for 15 hrs. 

The results of the in situ FET measurements during the forming-gas anneal are shown in Fig. 

la. The VT is proportional to Vf, suggesting that this is a diffusion-limited process. The changes 

in VT exhibit gate-length and orientation dependencies, which are key signatures of the 

piezoelectric effect [5-7]. This indicates that stress is playing a role in device degradation during 

hydrogen exposure. Previously reported orientation-dependent changes in device characteristics 

have been attributed to stress from the dielectric over-layer [5-7].  However, we have seen 

nearly identical results on devices with no dielectric over-layer, showing that the gate is the 

source of the stress. 

Fig. lb shows the change in VT observed during the recovery anneal in pure N2. Observing 

the short gate-length devices, we find that the VT shift is largely recoverable after a subsequent 

anneal in N2 at 200°C for 15 hrs. The recovery behavior is also proportional to Vf, suggesting 

that it is also diffusion-limited. 



The results of the Auger analysis performed on Ti/Pt bilayers are presented in Fig. 2, which 

shows the Auger spectra in the Ti layer, 150Ä from the Ti/Pt interface. Relative to the N2 

control sample, the sample annealed in forming-gas shows a +1 eV 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-0 or Ti-N bondings [9,10]. Thus, this spectral region is a fingerprint for TiHx 

formation [8]. 

Also shown in Fig. 2 is the Auger spectra obtained from hydrogenated Ti/Pt bilayers which 

underwent a subsequent recovery anneal in pure N2 at 200°C for 15 hrs. Following the recovery 

anneal, the H-induced peak nearly disappeared. These results are consistent with recovery of 

AVT observed in FET electrical measurements. 

Fig. 3 shows the depth profile of the Auger spectra in the Ti layer for hydrogenated Ti/Pt 

samples. The spectra obtained near the Ti/Pt interface show a large h-induced peak and the full 

+1 eV shift in the main Ti peak. This indicates that the TiHx is nearly stoichiometric [8]. The 

decrease in the H-induced peak intensity as we approach the Si3N4/Ti interface indicates that the 

hydrogen concentration in the TiHx decreases [9]. 

To show more clearly the evolution of hydride composition through the layer, in Fig. 4 we 

plot the ratio of the H-induced peak intensity to the total (Ti + H-induced) peak intensities as a 

function of distance into the Ti layer. The nearly stoichiometric compositions exist only close to 

the Ti/Pt interface. The hydride composition becomes increasingly non-stoichiometric as we 

approach the SißN^i interface. 

Fig. 4 also shows the results obtained from Ti/Pt samples which were subjected to a 

subsequent recovery anneal in pure N2 at 200°C for 15 hr. After the recovery anneal, the hydride 

remains only in the upper regions of the Ti layer near the Ti/Pt interface. Thus it appears that the 

stoichiometric hydrides are more stable and remain after the N2 recovery anneal, and the non- 

stoichiometric hydrides decompose. 



The phase diagram of the Ti-H system shows that the equilibrium system at 200°C for low to 

moderate concentrations of hydrogen consists of an a-solution of H in Ti, and a hydride phase 

[11]. This hydride phase is normally f.c.c. with a percent volume increase, Av/v, of 21% [12]. 

However, Numakura showed that at very low at. % of hydrogen (< 20%), hydride precipitates 

form which have an f.c.t. structure, with Av/v of 15% [13,14]. This f.c.t. titanium hydride is 

similar to the y-phase f.c.t. hydride precipitate found in the Zr-H system, which is considered to 

be metastable because it converts to an f.c.c. structure upon aging [12,13]. In contrast to this, 

the f.c.t. hydride in the Ti-H system does not revert to the f.c.c. structure upon aging [13]. This 

is most likely because of the larger volume increase of the f.c.c. structure, making its formation 

more difficult. Nevertheless, the f.c.t. titanium hydride is still considered to be a metastable 

phase which forms only at very low H concentrations [13]. In our experiment, the presence of 

stable, nearly stoichiometric hydrides near the Ti/Pt interface indicates that the hydrides in this 

region may have an f.c.c. structure. 

In conclusion, we find that the formation of metastable hydride precipitates can affect the 

characteristics of FETs which use Ti/Pt films in the gate structure. AES analysis has confirmed 

that titanium hydride, believed to be mainly in the form of metastable f.c.t. precipitates, forms in 

Ti/Pt bilayers after exposure to low concentrations of hydrogen. The volume increase associated 

with the formation of TiHx leads to compressive stress in the Ti film. Consistent with this, 

hydrogen-induced shifts in the threshold voltage of FETs with Ti/Pt/Au gates are found to arise 

from the piezoelectric effect due to stress in the gate. After subsequent anneals in pure N2, the 

amount of TiHx detected by AES in hydrogenated Ti/Pt bilayers decreases. Electrical 

measurements show that the magnitude of the VT shift observed in FETs also decreases after a 

N2 recovery anneal. These findings should be instrumental in identifying a device level solution 

to this problem. 
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Captions: 

Fig. 1: Shift in FET threshold voltage, AVT, measured in situ (a) during the anneal in forming- 

gas at 200°C , and (b) during the subsequent recovery anneal in N2 at 200°C. Orientation 

dependence of AVT during forming-gas anneal is a key signature of the piezoelectric effect, 

indicating stress in the gate metal. Control samples annealed in N2 shown in open symbols. 

Fig 2.: AES measurement of Ti/Pt bilayers. Spectra obtained in Ti (150Ä from the Ti/Pt 

interface) after annealing in either N2 or forming-gas at 200°C for 1 hrs. The +1 eV shift in the 

low energy (26 eV) Ti peak, and the emergence of a H-induced peak 5 eV below the main peak, 

are the characteristic signature of TiHx. After a subsequent recovery anneal in pure N2, the H- 

induced peak nearly disappears. 

Fig. 3: Depth profile of Auger spectra in the Ti layer of Ti/Pt bilayers. The large H-induced 

peaks in spectra obtained near Ti/Pt interface indicate near stoichiometric compositions of TiHx- 

The hydrogen content in the hydrides decreases with increasing depth into the Ti layer. 

Fig. 4: Plot of the ratio of the H-induced peak intensity to the total peak intensities (Ti-peak + H- 

induced peak), as a function of depth into the Ti layer. Solid line indicates profile obtained after 

forming-gas anneal at 200°C for 1 hrs. Dashed line indicates the profile obtained after a 

subsequent recovery anneal in pure N2 at 200°C for 15 hrs. 
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