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It is well known that trapping effects can limit the output power the wafer surface or in the buffer layers underlying the active
performance of microwave field-effect transistors (FETS). This is channel. This parasitic charge acts to restrict the drain-cur-

particularly true for the wide bandgap devices. In this paper, we re- ; s i h_fra.
view the various trapping phenomena observed in SiC- and GaN- rent and voltage excursions, thereby limiting the high-fre

based FETSs that contribute to compromised power performance. quency power output. . . . .
For both of these material systems, trapping effects associated with 1N this paper, the current issues associated with trapping
both the surface and with the layers underlying the active channel in AIGaN/GaN HEMTs and GaN MESFETSs and, to a lesser

have been identified. The measurement techniques utilized to idenextent, SIC MESFETs will be addressed. A variety of trap-

tify these traps and some of the steps taken to minimize their effects i effects have been observed, including transconductance
such as modified buffer layer designs and surface passivation, are

described. Since similar defect-related phenomena were addressecfrequen?y d|sperS|o-n,.current collapse _Of the dlregt current
during the development of the GaAs technology, relevant GaAs work (d€) drain characteristics, gate- and drain-lag transients, and
is briefly summarized. restricted microwave power output. Significant research
Keywords—GaN, heterojunction, high electron mobility _acti\_/ity has been directe_d tow_ard l_mderstanding and elim-
transistor (HEMT), metal-semiconductor field-effect transistor inating these effects. This activity in many ways parallels
(MESFET), microwave transistor, SiC, trapping. that conducted during the development of the GaAs-based
technology. Much of the knowledge obtained and tech-
niques utilized for the GaAs case can be applied to the wide
bandgap materials as well. Consequently, in Section I,
In recent years, both SiC and GaN-based field-effect tran- we introduce some of the main concepts associated with
sistors (FETs) have demonstrated impressive microwave pertrapping in microwave FETs by summarizing some of the
formance, with SiC metal-semiconductor field-effect tran- related work carried out in support of the GaAs technology.
sistors (MESFETS) producing 4.6 W/mm at 3.5 GHz [1] and A more detailed account of trapping effects in the wide
AlGaN/GaN high electron mobility transistors (HEMTs) ex- bandgap devices will follow, with GaN and SiC covered in
hibiting 9.8 W/mm at 8 GHz [2]. The material properties Sections Ill and IV, respectively.
underpinning these results and the prospective application
areas for these devices have been previously reviewed [3].II
Although these results have set the state of the art for mi-
crowave power density, it is generally recognized that signif- ~ GaAs is now a well-established commercial technology
icant developmental work remains for these technologies to for both microwave and digital applications. It has reached
become viable. An area of particular concern is the limiting this level of maturity after years of development in the
effect of electronic traps on microwave power performance 1980s and 1990s. During the course of this development,
[4]-[8]. Traps influence power performance through the for- trapping effects were recognized as a serious issue. Deep
mation of quasi-static charge distributions, most notably on levels, in both the GaAs substrate and buffer layers, and
GaAs surface states or mobile surface charge were identi-
i ) ) fied as the primary causes of deleterious trapping effects
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techniques that primarily probe the area under the gate [14].the poor performance. This parasitic gate was believed to
The measurement of drain-current transients in responsebe formed as the result of electrons tunneling from the gate
to gate and drain voltage pulses, referred to as gate lagmetal to nearby surface states, with the associated trapped
and drain lag, respectively, was commonly employed. For charge resulting in a reduction of the maximum alternating
GaAs MESFETSs, it was demonstrated that drain lag was current (ac) drain current. Similar to the GaAs MESFET, im-
associated with buffer layer and substrate traps [11] and provements in the material quality and optimization of the
that gate lag was associated with surface effects [12]. Fre-epitaxial layer structures, gate recess structure (particularly
quency dispersion measurements of the small-signal outputthe double recess), surface pretreatment, and surface passi-
conductance and transconductance were also employedration were collectively responsible for the attainment of op-
to study trapping behavior. Transconductance dispersiontimal power performance. As a result, GaAs PHEMTSs have
was attributed to trapping at or near the surface and outputbecome one of the leading devices for a wide range of com-
conductance dispersion attributed to trapping in the material mercial and military applications, including cellular phone
underlying the active channel [15]. power amplifiers (800—1900 MHz), radax (band), satellite

As a result of trapping effects, the drain characteristics communications (Ka band), and automotive applicatidns (
of GaAs MESFETs, measured using low-frequency curve band).
tracers or parameter analyzers, did not accurately reflect the During the evolution of GaAs-based HEMTs, a phe-
high-frequency drain characteristics. This prevented devicenomenon known as “current collapse” was observed in
and circuit designers from obtaining accurate device infor- AIGaAs/GaAs device structures. In recent years, the term
mation to use in small- and large-signal models. The use “current collapse” has been used as a generic description of
of pulsed current—voltage/{}V) test systems [16], which  any observed reduction in the drain current of GaN-based
pulsed both gate and drain voltage with submicrosecond FETs. Historically, it is associated with a very specific phe-
pulsewidths, yielded the drain characteristics that more nomenon: the persistent (yet recoverable) reduction of the
accurately represented the device characteristics underdc drain current that results from the application of a high
high-frequency conditions, especially for those systems for drain-source bias. We will continue to use this terminology
which an arbitrary quiescent bias could be set [17]. It was in reference to nitride-based devices. A detailed study of
demonstrated that device performance could be accuratelythis effect was first carried out in AlGaAs/GaAs HEMTs
predicted by using the pulsddV characteristics in small-  (where collapse is observed only at low temperature) by
and large-signal models [17]. The provision for setting Drummondet al. [20] and by Fischert al. [21]. These
a quiescent bias is an important feature in that the biasauthors concluded that current collapse resulted from the
establishes steady-state trap populations, which generallytrapping of hot channel carriers (accelerated by the high
could not follow the short pulses or high-frequency signals. drain-source bias) that were injected into the AlGaAs layer,
As a result, varying the quiescent bias in a pulded” predominantly on the drain side of the gate (where the
measurement provided useful insight into trapping behavior. electric field is highest). This model was based, in part,
It was demonstrated that the drain current measured underon the similarity of the AlGaAs/GaAs results with earlier
pulsed conditions could be considerably less than that mea-studies of Si MOSFETSs [22], [73] and CdSe thin-film tran-
sured for dc conditions. This difference between the static sistors [23], where it was concluded that hot channel carriers
and pulsed drain characteristics is directly related to the were being injected into the oxide layer. As the trapped
limitation in the large signal performance of these devices. carriers constitute a nonequilibrium charge distribution in
Devices fabricated with silicon nitride passivation were the AlGaAs, any stimulus, such as light or heat, that assists
shown to exhibit better agreement between the dc and pulsedhe trapped carriers in overcoming the emission barrier of
I-V drain characteristics, as well as improved microwave the traps, will tend to return the carriers to the channel and
power performance, suggesting the role of surface trappingto restore the equilibrium drain current. It was suggested
in these effects [17]. [20], [21] that the deep trap responsible for collapse in

The effect of surface trapping in GaAs MESFETs was re- the AlGaAs/GaAs HEMT was the same center that was
duced to manageable levels through the control of the gateassociated with persistent photoconductivity (PPC) in the
recess geometry, proper surface preparation, modificationsAlGaAs layer (i.e., the DX center). This was verified in a
to the epitaxial layer doping profile [18], and dielectric pas- very detailed investigation by Kastalsky and Kiehl [24],
sivation. Modifications to the layer structure underlying the where both current collapse and shifts in the threshold
active channel (e.g., the incorporation of buried p-layers) led voltage were shown to be associated with the presence of
to reductions in drain lag and output conductance dispersion.DX centers.

AlGaAs/InGaAs pseudomorphic HEMTs (PHEMTS) dis- In addition to the effects described above, the lack of
played similar surface trapping effects, which were possibly stability of microwave power output over time, for both
exacerbated due to the closer proximity of the surface to GaAs MESFETs and PHEMTS, has been associated with
the active channel [19]. Analogous to the GaAs MESFET, charge trapping [25], [26]. In the discussion thus far, all of
compressed pulseld-V characteristics and poor microwave the trapping effects have been transitory in nature. How-
power performance were obtained for devices plagued by ever, power output stability is classified according to the
surface trapping. Parasitic gating due to surface charge bepermanence of the change in power outputedoverable
tween the gate and the drain was thought responsible forreduction in power output over time is referred to as power
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drift and gpermanentiegradation in power output is referred 10
to as powerslump[26]. Both effects have been correlated 0] (ii)
with changes in the degree of gate lag and are attributed to g
electron trapping in the silicon nitride passivation layer [26]
or to the creation of interface traps due to hot-electron effects
[27]. In PHEMTS, power slump has been accompanied by
a permanent reduction in drain current, but this was not
necessarily the case for MESFETs. Slump and drift were
reduced by material improvements, passivation, surface
pretreatment optimization (mostly proprietary), and channel
geometry/doping optimization, which resulted in reducing 2
the peak fields in the gate-drain region of the device channel

in order to minimize hot electron effects. 0

Drain Current (mA)
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IIl. TRAPPING EFFECTS INGaN-BasepD MESFETS AND Drain-Source Voltage (V)

HEMTSs _ _ _
Fig. 1. Current collapse in an AIGaN/GaN HEMT [32]. Drain

In this section we will review trapping effects in nitride- current as a function of drain—source voltage (with the gate
based FETSs. In principle, trapping centers can reside at theﬂ?;tr:’lgzj'jrs:%"y;sf) before and i) after the application of a 20-V
surface, in the AlGaN barrier layer, at the two-dimensional
electron gas (2DEG) interface, or in the GaN buffer layer.

While it is known that defects exist in the AlGaN layer differences between the expected microwave power output
[28], [29], a correlation with compromised microwave (based on the dc characteristics) and the actual power output
performance has not been established. This holds true forare referred to as various types of “dispersion” or “slump.”
states at the AIGaN/GaN interface as well, although their In this paper, will we restrict the terminology to the terms al-
presence is expected to limit the 2DEG channel mobility. ready defined above.

Although there are a variety of conflicting explanations for

the observed trapping effects, the picture that seems to beB. Buffer Trapping—Current Collapse

emerging is that trapping at the surface and in the underlying
buffer layers are primarily responsible for compromised mi-
crowave power performance. Consequently, the discussion
that follows will be divided between trapping phenomena
associated with these two regions.

It should also be noted that the nitrides are characterized
by a high concentration (typically $@o 10'° cm~?) of dis-
locations. A number of studies have shown that electrically
active trapping centers can exist in the vicinity of these ex-
tended defects [30], [31]. However, there is little informa-

tion to directly link specific traps and trap-related phenomena nari et al. [33]. Current collapse is evident in comparing

with dlslocatlo_ns. Consequently, while some of the trapping the -V characteristics shown in Fig. 2(a), with (solid line)
phenomena discussed below may eventually be shown to re-

. . X nd with line) light illumination. At elev. m-
sult from defects localized at dislocations, we are currently and without (dotted line) light illumination. At elevated te

A > _perature (up to 158C), the drain current exhibited little
tJhnealr)r:Zttec;ig;stlngwsh these from traps located elsewhere "Mor no collapse, consistent with thermal emission from the

deep traps, while the time dependence of the drain-current re-
covery reflected a multicomponent response, suggesting the
involvement of multiple traps in the collapse. Under illumi-

In reviewing the literature cited below, it is important to nation, the qualitative wavelength dependence of the drain-
bear in mind that the terminology being used has sometimescurrent recovery, shown in Fig. 2(b), suggested a broad, trap-
been inconsistent. The use of the terms gate lag, drain lag,related absorption below the GaN bandgap. These results
pulsed/—V, transconductance and output resistance disper-were interpreted in terms of deep traps in the high-resistivity
sion, power drift, and power slump have been reviewed above (HR) organometallic vapor phase epitaxy (OMVPE) GaN
and are generally used with little ambiguity in the literature. buffer layer, which is grown under conditions that enhance
We have already defined current collapse, based on its originstrap formation in order to compensate the shallow donors and
in the GaAs technology. However, itis not uncommon to find produce HR material. Further studies [6], [34] confirmed the
the term “current collapse” applied to any measured reduc- location of the traps in the HR GaN buffer layer, as collapse
tion in drain current when, in fact, one of the other trap-re- was not observed in devices grown on conducting substrates:
lated phenomena is being observed. Furthermore, the differ-the traps in the structure were already filled by compensating
ences between the pulsed and dc drain characteristics and thehallow donors.

Current collapse in a nitride-based FET was first reported
in an AlGaN/GaN HEMT by Kharet al. [32], shown in
Fig. 1, for characteristics taken both before i) and after ii)
the application of a large drain bias. The drain current could
be recovered by illumination with light either corresponding
to the GaN bandgap or near 600 nm, the latter being associ-
ated with an unknown trap. Following earlier work done in
the AlGaAs/GaAs system, the collapse was assigned to hot
carrier trapping in the AlGaN.

Trapping effects in GaN MESFETs were reported by Bi-

A. Terminology
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Fig. 2. (a) Current collapse in a GaN MESFET, with (solid) and
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By studying the wavelength dependence of the drain-cur-
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Fig. 3. Photoionization spectrum of a GaN MESFET. Two traps
responsible for current collapse are observed. Spectra are similar to
those observed in recent studies of PPC [35].

collapse. The DX center in AlGaAs is also known to play
this dual role. In the nitrides, a DX-like center associated
with oxygen in AlGaN has recently been observed [39].
This trap, like DX in AlGaAs, is effective only at low
temperatures. However, in the nitrides, current collapse is
observed at room temperature. It is, therefore, unlikely that
collapse in nitride-based FETs is due to a DX-like defect.
This is supported by spectral measurements in the nitrides,
analogous to those of Kastalsky and Kiehl [24], which
exhibit no increase in response at the AlGaN bandgap [40].
Using a simple modeling approach [36], measurements of
the dependence of the light-induced drain-current increase
upon the total amount of incident light were fitted to enable
the determination of areal densities and photoionization
cross-sections for each of the traps. In the GaN MESFET, the
densities for both traps were found to senid-10'/cnm?.
Several other investigators have assigned current collapse
effects observed in GaN MESFETSs to traps in the buffer

a method to provide spectroscopic signatures of the trapslayer. Zhanget al. [41] suggested that the significant reduc-
responsible for current collapse and to estimate the traption in dc drain current that they observed in GaN junction

depth relative to the band edges. This was accomplished byFETs (FETSs) after application of high drain bias was a result
measuring the fractional drain-current increase, above theof high field injection and subsequent trapping of electrons
collapsed level, induced by illumination with a measured inthe HR GaN buffer layer. Kulieet al.[42] observed a sig-
amount of light. The wavelength dependence of this increase,nificant collapse in the dc drain current of a GaN MESFET
normalized by the total number of incident photons, was subjected to reverse gate diode bias stress and UV illumi-
shown [36] to be proportional to the absorption spectrum nation was found to recover the current collapse. They sug-
associated with the photoionization process that released theyested the presence (but not the location) of electron traps.
carriers from the traps. Thighotoionizationspectrum is a  Meneghesset al.[43] studied current collapse in GaN MES-
characteristic of a given trap and may be employed for defect FETs and found a correlation between the decrease in drain
identification. The spectrum obtained from a GaN MESFET current and a shift in threshold voltage. Using phototransient
at 300 K is shown in Fig. 3. Two broad absorptions were measurements, they attribute this collapse to trapping under
observed below the GaN bandgap, corresponding to thethe gate and in the gate-drain access region. Using photoion-
photoionization of carriers from two distinct traps, labeled ization spectroscopy measurements, they also identified traps
Trapl and Trap2. The fitted photoionization thresholds in the undoped buffer or at the buffer/channel interface.
located these defects approximately 1.8 and 2.85 eV below Photoionization measurements have also been carried out
the conduction band, respectively. It is interesting that eachin AlGaN/GaN HEMT structures [40]. The photoioniza-
of these absorptions was also found to match publishedtion spectra were found to be similar to those of the GaN
spectra (see Fig. 3) of PPC centers in GaN [37], [38], MESFET, exhibiting the two broad trap-related absorptions
indicating that these traps can induce both PPC and currentand a rapid increase at the GaN bandgap. No enhancement
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Fig. 5. Drain lag measurements. Drain current is normalized to
the low-field value ¥'ps = 10-100 mV). “A”: Representative
of the optically induced drain-current recovery was observed response for a device on a HR buffer. “B”: Device on a conductive

for photon energies at or above the AlGaN bandgap. This Puffer layer [6].
suggested that the same traps in the HR GaN buffer layer,

which were responsible for current collapse in the MESFET, vices that exhibit minimal current collapse also exhibit min-
produced collapse in the HEMT as well. Subsequent studiesimal drain lag. Drain lag measurements for two devices are
were carried out [44] on wafers with HR GaN layers grown shown in Fig. 5. For these measurements, the device is pulsed
at differing OMVPE growth pressures in order to vary the from an equilibrium condition at a lows value (10-100
deep trap incorporation. Lower pressures have been ob-mV) to a highVps value (15-20 V) and then returned to the
served to correlate with more severe current collapse as welliow V5 value. Vg5 is maintained at 0 V. Exposure to the
as a greater incorporation of carbon impurities into the layers high v, s induces current collapse and the return of the drain
[45]-{47]. Photoionization spectra of these devices indicated current to its starting value is monitored as a function of time.
[44] a clear enhancement of Trap2 absorption at the lowest The plotted drain current is normalized to the low-field value.
growth pressures. Fitting the measured dependence of thea typical long-term drain lag characteristic is given by curve
drain-current increase on total light illumination, using a A. The recovery time is on the order of minutes. Devices A
model similar to that employed for the GaN MESFET [36], and B were fabricated on the same wafer, which had a spa-
the concentration of each of the traps could be determinedtially varying conductivity (HR for device A, conductive for
as a function of OMVPE growth pressure. This is shown in device B). The degree of drain lag is apparently related to the
Fig. 4, along with the carbon concentration in the HR GaN conductivity of the buffer layer. The deep levels responsible
layer as determined by secondary ion mass spectrometryfor producing the HR material are likely to be responsible for
Both trap concentrations were found to increase at low this trapping effect. The reduction in drain lag for device B is
growth pressures and the Trap2 concentration was seen t@onsistent with fewer traps in the conductive buffer regions
track the carbon concentration. The two were shown to be or with the filling of these traps by shallow donors.
proportional, thus, suggesting that Trap2 is a carbon-re- Danget al.[49] also used drain lag measurements to study
lated deep defect in the HR GaN layer, similar to that trapsin GaN HFETSs. Although drain lag is usually associated
suggested two decades ago by Ogino and Aoki [48]. While with buffer layer trapping, it was demonstrated that modi-
the concentration of Trapl did not track the carbon in the fying the surface through the use of KOH exposure can result
same way, the increase in trap concentration at low growth in changes to both gate and drain lag. Three traps were identi-
pressures, where dislocations and grain boundary effects ardied: 1) intermediate time constant trapsl s), which were
expected to be greatest, suggested that Trapl may be relateghtributed to deep levels in the AIGaN; 2) fast trapsl(s),
to these defects. The current evidence would suggest thatattributed to the surface; and 3) slow trapsL00 s), which
current collapse in nitride-based FETs grown by OMVPE is were associated with the channel. Further work is needed to
associated with traps in the HR GaN buffer layer related to clarify the effect that surface treatment has on drain lag.
carbon incorporation and to structural defects.

D. Surface Trapping in GaN FETs

C. Buffer Trapping—Drain Lag It is widely acknowledged that surface states or surface

Recovery from current collapse by thermal emission of the charge can have a pronounced effect on the microwave per-
trapped carriers has a characteristic time dependence and theormance of HEMTSs. As in the GaAs case, surface trapping
temporal response of the current collapse (i.e., reduced draincan generally be identified through gate lag measurements.
current) can be investigated with drain lag measurements. InA number of groups have used this approach to study the ef-
addition to establishing this time dependence, drain lag mea-fect of trapping on GaN devices [6], [49]-[51]. The associa-
surements are also useful for quantifying this effect, since de-tion between gate lag and surface trapping is generally estab-
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of two have been observed relative to the unpassivated case.

However, devices passivated with nominally the same passi-
lished by correlating gate lag with changes made to the de-vation process and surface pretreatment exhibit varying de-
vice surface through techniques such as chemical treatmengrees of pulsed—V current compression (see Fig. 7), sug-
or dielectric passivation. Binagt al. [52]-[54] associated  gesting that the reduction in pulsédV current compression
gate lag with the presence of surface trapping in the accesss a strong function of surface and material quality.
region between gate and drain. They found that annealingun- While the pulsed measurements referred to above can
passivated AlIGaN/GaN HEMTS at 30C reduced or elim-  be thought of as approximating large-signal conditions,
inated gate lag ang,, dispersion, possibly due to the passi- it is possible to directly measure the drain current under
vation of surface traps during the annealing process. Similarlarge-signal gate voltage drive. This has been done as a
to GaAs FETSs, they observed a direct correlation betweenfunction of frequency [59]-[61] and transition frequencies
gate lag and output power in unpassivated GaN HEMTs, asvarying over a very large range (1®Hz to 10 GHz) were
shown in Fig. 6. By adding a silicon nitride passivation layer, observed. Large reductions in the current amplitude were
a dramatic improvement in drain-current response was ob-observed over this frequency range, which translates directly
served [34], [50]. As mentioned above, Dagtal. [49] also into lower power outputs. This dispersion was attributed
used drain-current transient measurements to study traps ino piezo-related charge states at the surface, which create
GaN HFETs. While surface modifications usually affect gate a parasitic gate between the gate and drain. This parasitic
lag, these authors demonstrated that treating the surface witlgating concept is analogous to that described for GaAs
KOH can result in changes to both gate lag and drain lag.  devices [19]. In related large-signal measurements, Nguyen

Trassaeret al. [55] observed a significant difference be- et al. [5] observed changes in the dc drain current of GaN

tween the dc and pulsdd-V characteristics of unpassivated HEMTs as a function of the input radio frequency (RF)
GaN MESFETSs. Since they observed no shift in threshold drive. To identify the location of the responsible traps, they
voltage, they concluded that the traps responsible for the dif- performed RF measurements as a function of gate bias. It
ference between the dc and pulsed characteristics are assawvas concluded that the drain-current compression under RF
ciated with surface states. Others have utilized pulkséd drive is due to traps located either in the AlGaN barrier or
measurements to provide information on trapping effects andat the surface and not due to trapping of hot electrons in the
have correlated these measurements with microwave powetbuffer layer (i.e., current collapse).
performance [56], [57]. Kazioet al. [56] found that unpas- In contrast to the large-signal studies referred to above,
sivated devices tended to exhibit significantly compressed small-signal frequency dispersion measurements have
pulsed/—V" characteristics and this was correlated with poor been employed to determine the activation energies of
microwave power performance. Passivation was found to re-traps causingg,, and output resistancekR(,) dispersion
duce the pulsed—V compression with a concomitant im- in AlGaN/GaN HEMTSs. Kruppaet al. [62] measured the
provement in RF power. Passivation presumably establishesg,, and Ry, dispersion as a function of temperature of
a near-optimal dielectric/semiconductor interface that best AIN/GaN HFETs. Two energy levels were identified to be
neutralizes the net surface charge arising from the combi- associated with traps responsible for the observed frequency
nation of a polarized AlGaN barrier and surface states as-dispersion and suggested that they were located in the GaN
sociated with surface defects, dangling bonds and adsorbedchannel. Umana-Membreret al. [63] used the frequency
ions, or charged residuals. Several other groups [6], [50], [58] dispersion of the output admittance characteristics to char-
have reported on the effect of silicon nitride passivation on acterize traps in AlIGaN/GaN HEMTSs. Two trap levels were
microwave power performance. Due to the reduction of sur- identified—one attributed to the Si donor in AlGaN and the
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However, while many similar trends and trapping effects are
observed, there is not yet a consensus on the nature of the
Device B traps responsible for the observed performance variations.
This arises from the relative immaturity of the GaN-based
FET material system. Variations between laboratories in ma-
terial quality, layer structure, growth technique, and device
processing complicate this picture. At this pointin time, there
is a preponderance of evidence to suggest that current col-
lapse of the dc device characteristics is related to the pres-
ence of traps in the GaN buffer, whereas, gate lag and the
related pulsed—V characteristics are associated with sur-
face effects. Both sources of trapping lead to a compromised
microwave power performance.

L e B Device A
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Stress Time [hrs] Similar to GaN, SiC exhibits a high breakdown field and
- " ddrai § 10 GH a high saturated electron velocity. Silicon carbide also offers
function of e for wo 1.2-mm-ide AIGANIGaN HEMT devices, @ igh thermal conductivity, making it a natural choice
Devices were continuously biased a¥'as of 20 V and driven for high-power electronics. However, without a viable
at the 3-dB compression point. heterostructure technology to support the fabrication of
HEMT structures, SiC microwave devices are at a distinct
other to either surface states on the drain side of the gatedisadvantage for high-frequency applications, relative to
or to traps at the AIGaN/GaN interface. The location of the the GaN-based structures. While vertical devices such as
traps could not be identified without ambiguity. the SiC static induction transistor (SIT) have been devel-
In addition to the measurement techniques discussedoped for high-power lower frequency applications, the SiC
above, capacitance spectroscopy has also been shown to bMIESFET has been advanced as the SiC device for use at
sensitive to surface properties. Schagidal. [64] used this higher frequency. Although nitride-based HEMT structures
technique to confirm the existence of a high density of traps can attain considerably higher frequency response, the
and identified these as electron traps at or near the AlGaN frequency-power-bandwidth design tradeoffs between SiC
surface. MESFETs and GaN HEMTs are not well established and the
The stability of the microwave power output of GaN SjC MESFET may offer advantages for total power output
HEMTSs has recently received a fair amount of discussion due to its lower input capacitance [66]. The SiC technology
[65], though little has been published on this topic. It is js certainly more mature than that of GaN. However, SiC
generally recognized that GaN HEMTs can display an MESFETs are not without trapping problems associated
appreciable power drift and power slump. Power slump with both the surface and with the layers underlying the
is typically accompanied by concomitant changes in the active channel. Over the past few years, there has been a
dc drain characteristics. An example of this permanent gignificant effort to overcome the trapping problems that
degradation in drain-current and power output is shown p5e compromised the microwave power output in these
in Fig. 8 for 1.2-mm-wide devices biased afigs of 20 devices.
V- and driven at the 3-dB compression point. The power it the realization of large-area semi-insulating (SI) SiC
output levels are referenced to the starting value. While the g hsirate material, larger FET structures could be fabricated
magnitude of these deleterious effects is observed in varyingso higher output powers without suffering the large parasitic
degrees, it is recognized that their existence is a 5'9”'f'cantcapacitive losses of previous devices grown drsabstrates.
issue. In the GaAs PHEMT, electron trapping in the silicon However, it was observed by Noblaetal.[67], [68] that the
nitride passivation layer [26] and the creation of fraps due t0 yrain current of these devices decayed with time, with a time
hot-electron effects [27] were thought to be the mechanisms ;o nstant on the order of seconds. The current could be re-
that contributed to power slump. With the higher fields gireq by removing the drain bias for several seconds. As a
present in GaN devices, these hot-electron effects can b&ggyt of this effect, the RF power output of these devices was
expected to be more pronounced compared to GaAs devicesgpserved to be inferior to that of devices grown onsub-
However, at this time it is unclear whether the power slump girates. As shown in Fig. 9, the drain-current decay was found
present in the GaN HEMTs is due to this mechanism 4 he much less severe for devices grown dnsubstrates
or whether other trapping effects or nontrapping related [see Fig. 9(b)] than on SI substrates [see Fig. 9(a)]. In ad-
mechanisms, such as contact degradation, are responsible. §ition, with increasing negative gate bias, the effect became
. ) more severe. It was, thus, concluded that the traps respon-
E. Traps in GaN-Based Devices—Summary sible for this effect were probably associated with the Sl sub-
Itis clear that trapping effects play a significant role in the strate or the substrate/p-buffer layer interface. Further work
widely variable performance observed in GaN-based FETs. by these authors [69] probed the sensitivity of this trapping
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Fig. 10. Relative drain-current decay for SiC MESFETS grown on
an Sl substrate following the indicated drain voltage step. Devices
* with recess damage removed with a sacrificial oxidation/strip
n* Substrate process (SacOx, open symbols) and recess etch damage not

1.01 removed (etched closed symbolg)s = 0 V [70].
0.8 After passivating the channel recess and placing the gate in
a second channel recess cut through the passivation [71], the
0.6 dc drain-current transient was essentially eliminated.
o Siriex et al. [72] advanced work on substrate trapping by

carrying out pulsed—V and S-parameter measurements

04r . (with varying gate and drain quiescent levels) on MESFETs
grown on Sl substrates. The observed trapping effects
were analyzed using a nonlinear modeling procedure that

02 was able to account for the experimental observations,
including a substantial drop in the average drain current
0.0, 26 20 s 20 700 with increasing input power. This behavior was associated
Time (s) with an increase in trap-filling as the drain voltage swing
was increased. The nonlinear model was applied [7] to
Fig. 9. Relative drain-current decay for SIC MESFETSs grown on optimize the buffer layer between the Sl substrate and the

Sl and n substrates following the application bl = 30 V

for several values Vs [67]. active layer, such that carrier injection at high bias was

minimized or eliminated. Measurements were carried out on
o ) ) ) several devices grown with varying buffer layer thickness
effect to variations in the thickness and doping level of the anq doping. It was reported [7] that channel carrier injection
p-type buffer. While the dc drift could be almost eliminated a5 successfully reduced or eliminated by this procedure,
by using a thicker buffer, a rapigi¢) decay of the drain cur-  gjthough no information about the optimized device was
rent persisted if an RF signal was applied to the gate, leadingpoyided, for proprietary reasons. Additionally, the conduc-
to areduction in the RF output power. It was concluded that ance dispersion was studied as a function of temperature in
the trapping effect was caused by the injection of carriers order to extract trap parameters. It was concluded that a trap

from the channel into the p-buffer, similar to the mechanism \yitn activation energy of 1.07 eV was involved, which was
of current collapse discussed above, and that the effect wagentatively identified as due to vanadium defects.

dependent upon the depletion state of the buffer layer. In fact,
the dc/-V characteristics before and after high voltage bi-
asing clearly indicated a collapse of the drain current.

In addition to the substrate/buffer layer trapping discussed  Although outstanding microwave power performance has
above, drain-current transients related to surface trappingbeen demonstrated with both SiC and GaN-based FETS, sig-
have also been observed in SiC MESFETSs [70], [71]. This nificant issues remain regarding the further development of
can be seen in Fig. 10, where the drift in the drain current these technologies. One prominent issue is the limiting ef-
for three values of drain bias is compared for devices with fect of electronic traps on the device microwave power per-
etch damage (etched) and with etch damage removed byformance. Similar trapping problems were faced during the
an oxidation and strip procedure (SacOx). It was observed development of the GaAs technology and it is apparent that
[70] that if the recess etch damage was removed from the much of the knowledge obtained and techniques utilized for
ungated surface regions between the gate and the source antthe GaAs case can be applied to the present situation in the
drain, the drain current decay was decreased substantiallywide bandgap devices.

V. CONCLUSION
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Although the SiC technology is more mature than that of
GaN, SiC MESFETs still suffer from trapping-related is-

sues. Trapping associated with the SiC substrate is apparent,

but buffer layer solutions to the substrate trapping problem
have yielded promising results. Surface-related trapping has
been shown to affect device performance and passivation
and gate-recess schemes have been utilized to minimize
this effect.

Considerably more work has been published on trapping in
GaN FETs than on SiC devices. While itis clear that trapping
effects play a significant role in the performance observed in
GaN-based FETSs, the relative immaturity of the GaN-based
material system and the variations between laboratories in
device design, material quality, and device processing com-
plicate the understanding of trapping in these devices. At this
pointin time, there is considerable evidence to show that cur-
rent collapse of the dc device characteristics is related to the
presence of traps in the GaN buffer layer. Surface trapping
has been shown to be minimized through the use of dielectric
passivation, though with variable degrees of success. Both
sources of trapping result in compromised microwave power
performance.

The results of these investigations provide direction re-
garding the optimization of material quality, process tech-
nologies, and epitaxial material and device design. We an-
ticipate that device performance will be improved and trap-
ping phenomena will continue to be minimized through fur-
ther improvements in the materials growth and process tech-
nology for these two materials systems.
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