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Sheet carrier concentration and low-field drift mobility of intentionally undoped and
modulation-doped AlGaN/GaN heterostructures on SiC substrate were evaluated by
capacitance-voltage and channel conductivity measurements. Sheet carrier concentration and
average mobility at 0 V gate bias correspond to standard Hall results. Sheet carrier density increases
from 6.831012 cm22 for the undoped sample up to 131013 cm22 for the device with the highest
doping concentration, while the mobility decreases from 1800 to 1620 cm2/V s. The local mobility,
on the other hand, depends only on the actual sheet carrier density and is not influenced by the
doping concentration of the carrier supply layer. It reaches a maximum value of 2100 cm2/V s at a
carrier density of 331012 cm22. © 2004 American Institute of Physics.
@DOI: 10.1063/1.1704854#

The polarization induced two dimensional electron gas
~2DEG! at the interface of AlGaN/GaN heterostructures al-
lows fabrication of high-electron-mobility transistor~HEMT!
layer systems and devices without the need of a carrier sup-
ply layer. HEMT devices based on undoped1 as well as
modulation-doped2 layer structures were published, both
with impressive dc, rf, and power performance. While the
undoped devices show lower gate leakage and higher chan-
nel carrier mobility, the introduction of a carrier supply layer
increases the sheet carrier density while the mobility is de-
creased. There is no clear evidence if the undoped or the
modulation-doped structures are most suitable with respect
to dc, rf, large signal and noise properties, as well as long
term stability, sensitivity for trap and defect influences and
the impact of a passivation layer.

First electrical evaluation of heterostructures is usually
performed by standard Hall measurement, providing sheet
carrier concentration and mobility. However, conventional
Hall characterization only shows the mean mobility of the
carriers, giving no information about the mobility distribu-
tion or the existence of a parallel conductive layer. More
detailed information about the mobility spectrum can be ob-
tained by gated Hall3 or by magnetic field dependent Hall
measurements,4 or by channel conductivity measurements
with HEMT devices.5 In former works these methods were
used to investigate the influence of Al-content, layer quality,
substrate material or temperature on channel properties.4–6

However, up to now no investigation of the influence of the
carrier supply layer doping on the mobility spectrum of
GaN-based HEMTs is published.

In this letter, we report on the dependence of the drift
mobility on carrier concentration in undoped and
modulation-doped AlGaN/GaN HEMT structures on SiC
substrate. Investigations were performed by channel conduc-
tivity measurements on HEMTs with large~fat! gate length

~FATFET!,5,7 combined with gate capacitance measurements.
This method has the advantage that it uses only HEMT de-
vices and standard measurement equipment, in contrast to
the Hall based techniques. The results are compared with
conventional Hall measurements and with theoretical predic-
tions of 2DEG channel properties.

AlGaN/GaN heterostructures were grown on semi-
insulating SiC substrates by metalorganic chemical vapor
deposition. Intentionally undoped structures consisted of a
30 nm undoped AlGaN layer and a 3 nmundoped GaN cap
grown on top of a GaN buffer. Doped structures consisted of
a 10 nm undoped AlGaN spacer, a 10-nm-thick Si-doped
AlGaN carrier supply layer, a 5 nmundoped AlGaN barrier
layer and a 3 nmundoped GaN cap, grown on top of a GaN
buffer. The doping level ND of the carrier supply layer was
231018 and 531018 cm23, calibrated by AlGaN test struc-
tures. AlGaN layers have an Al content of xAlN>0.28. Pro-
cessing of the unpassivated devices consisted of conven-
tional HEMT fabrication technology. As first step a mesa
insulation was performed by Ar sputtering, followed by
ohmic metallization~Ti/Al/Ni/Au ! with annealing at 900 °C.
The gates were fabricated by electron beam lithography, with
Ni/Au Schottky contacts. Van der Pauw patterns with an ac-
tive area of 0.330.3 mm2 were processed simultaneously
with HEMT devices. dc and rf results of the HEMT devices
are presented elsewhere.8

Room temperature Hall effect measurements on the van
der Pauw patterns~Table I! show the expected dependence
on the carrier supply doping level. The sheet carrier density
nHall increases with increasing doping level while the mobil-
ity mHall is reduced. Channel conductivity measurements
were performed on HEMTs with large gates~FATFET! to
reduce the influence of the source and drain resistance. Gate
lengthLG and channel widthWCH were 50mm and 120mm,
respectively. The series resistance (Rsource1Rdrain) was deter-
mined on HEMT devices with 2mm gate length, using the
charge control model.9,10 It was always less than 10% of the
FATFET channel resistance. The carrier densitynsheet asa!Electronic mail: m.marso@fz-juelich.de
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function of the gate voltage was extracted by integration of
the capacitance-voltage curve of the gate Schottky electrode
~Fig. 1!. The average drift mobility was calculated using
mAVE5(GCH3LG)/(q3WCH3nsheet), where GCH is the
channel conductance at low drain voltage~0.1–0.3 V!, cor-
rected for the series source and drain resistance. Evaluation
of the local mobilitymLOC, i.e., the mobility of the carriers
added with an increase of the gate voltage is performed by
the relationship:11

mLOC5LG
2 3DGCH/~CGS3DVGS!.

HereDGCH is the change of the channel conductance for
a changeDVGS of the gate voltage, andCGS is the gate
capacitance.

Table I compares the Hall results with sheet carrier den-
sity and mobility evaluated by the channel conductivity
method at 0 V gate voltage. Because the standard Hall mea-
surement provides the mean value of the Hall mobility we
compare it with the average mobility by the channel conduc-
tivity method. The sheet carrier concentration is nearly iden-
tical for both methods, while the Hall mobilitymHall has a
3%–7% larger value than the average drift mobilitymAVE .
This difference can be explained by the Hall factor that de-
scribes the relation between Hall and drift mobility. The the-
oretical value of the Hall factor12 for the investigated layer
structure is in the range 1.03 to 1.10.

Figure 2 depicts local and average drift mobility of the
investigated samples as function of the gate voltage. The
characteristics of the three samples have similar shapes, only
shifted by the differences of the threshold voltages of the
corresponding HEMT devices. The local mobility has a
maximum of about 2100 cm2/V s, independent on the doping
concentration of the carrier supply layer. The 231018 and
531018 cm23 structures show a faster decrease of the local

mobility above 0.7 and 0.3 V, respectively. This decrease can
be attributed to spill-over of electrons from the 2DEG chan-
nel to a parallel low mobility channel formed by the carrier
supply layer. The increase of the gate capacitance that occurs
when the gate depletion region shifts closer to surface is
correlated to the fast mobility decrease, confirming our as-
sumption.

Figure 3 shows the local drift mobility as a function of
the sheet carrier density. Obviously the characteristics do not
depend on the carrier supply doping beside that the doped
structures can be biased to larger sheet concentration. With
increasing sheet concentration the local mobility increases up

FIG. 1. Sheet carrier density as a function of the gate voltage, evaluated by
capacitance–voltage measurements.

TABLE I. Electron mobility and sheet carrier density of AlGaN/GaN het-
erostructures on SiC substrate, determined by Hall measurements (nHall ,
mHall) and by channel conductivity evaluation (nsheet, mAVE).

ND

(1018 cm23)
nHall

(1012 cm22)
mHall

~cm2/V s!
nsheet~0 V!

(1012 cm22)
mAVE ~0 V!
~cm2/V s!

Undoped 6.95 1930 6.8 1800
2 8.2 1780 8.7 1670
5 9.7 1670 10 1620

FIG. 2. Local and average drift mobility in intentionally undoped and doped
AlGaN/GaN heterostructures as a function of the gate voltage. Evaluation is
performed atVDS50.3 V by channel conductivity method.

FIG. 3. Local drift mobility in intentionally undoped and doped AlGaN/
GaN heterostructures as a function of sheet concentration.
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to 2100 cm2/V s at 331012 cm22, and then decreases
smoothly with a further increase ofnsheet. The mobility in-
crease with the sheet carrier density is due to increased
screening of carrier scattering by ionized impurities and dis-
locations in the 2DEG.5,12,13 Several authors6,13 explain the
subsequent mobility reduction by the influence of the parallel
low mobility channel at positive gate bias due to the carrier
supply layer. However, our investigations show a mobility
reduction long before the parallel channel is activated. In fact
the gate capacitance remains constant during mobility de-
crease, and the decrease is even independent on the existence
or the doping concentration of a carrier supply layer. The
activation of the parallel channel in the carrier supply layer is
also observed in our modulation-doped samples, but not until
the sheet concentration exceeds 1013 cm22. Ridley et al.12

have calculated the carrier density dependence of the mobil-
ity of a structure similar to ours. They find a mobility peak of
2000 cm2/V s at 231012 cm22 carrier density. The mobility
decrease at larger sheet concentrations is attributed to inter-
subband scattering as electrons begin to occupy the upper
subbands in the potential well of the AlGaN/GaN heteroint-
erface. The separation of the channel electrons from the car-
rier supply layer prevents electron scattering at the doping
atoms that would reduce channel mobility of the doped
samples.

In conclusion, we investigated the channel properties of
intentionally-undoped and modulation-doped AlGaN/GaN
HEMTs on SiC substrate. The average values of mobility and
carrier density at 0 V gate voltage correspond with the results
of conventional Hall effect measurements. The mobility as
function of the sheet carrier density shows the same depen-
dence for all samples. This means that the donor atoms in the
carrier supply layer do not influence the mobility of the

channel electrons in the 2DEG channel. The obtained results
are in agreement with theoretical predictions by Ridley
et al.12 They suggest that a carrier supply layer will not de-
grade the 2DEG transport properties of HEMT devices. On
the other hand, this result supports our previous observation
of better overall AlGaN/GaN HEMT performance using
doped structure in comparison to undoped one.8

The authors thank J. Flynn and G. Brandes from ATMI
Corporate, Danbury CN, for providing samples on SiC sub-
strates.
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