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Effect of dislocations on local transconductance in AlGaN /GaN
heterostructures as imaged by scanning gate microscopy
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The spatial variations of transconductance in AlGaN/GaN heterostructures were mapped using a
conducting tip atomic force microscope. The conducting tip locally modulates the two-dimensional
electron gag2DEG) while the change in the drain current was monitored as a function of tip
position. A spatial resolution of 250 nm was obtained. This technique enables us to investigate the
role of defects in transistor performance. In particular, when biased near the depletion of the 2DEG,
the transconductance map displays a cell structure, with low signal regions correlating with the
positions of negatively charged threading dislocations. 2@3 American Institute of Physics.
[DOI: 10.1063/1.1629143

AlGaN/GaN high electron mobility transisto(BlIEMTSs) enhances the signal-to-noise ratio but also enables us to di-
are promising candidates for high power, high frequencyrectly map the spatial variations gy,
electronics. One important parameter of a transistor is the The samples are GaN films with AGa ;N barriers
transconductance, the response in the drain current to @own by molecular beam epitaxy on semi-insulating GaN
change in the gate voltage. Due to the lack of lattice-matchetemplates prepared by hydride vapor phase epitaxy
substrates, GaN films typically contain a high density of(HVPE).!® HVPE templates serve as a quasibulk substrate
threading dislocations. In addition, alloy fluctuations can exWith a relatively low threading dislocation density
ist in the AIGaN barrier, and traps in the barrier and/or the(10°—10° cm™?). Our AlGaN/GaN heterostructures, typi-
substrate can cause degradation of device performance. Suélly, exhibit a room temperature 2DEG density of 1.2
defects and inhomogeneities will result in a spatially nonuni-< 10" cm™? and a mobility of ~1500 cnf/V's, as deter-
form transconductance. Here, we map the transconductanéained by Hall measurements. To map the spatial variations
variation in AlGaN/GaN heterostructures using the conductin transconductance, transistor structures without metal gates
ing tip of an atomic force microscog&FM) as the gate, i.e., aré required. Furthermore, because of the small size of the
scanning gate microscofGM).* The SGM provides a di- AFM tip (<50 nm), the width of the channel needs to be
rect way to evaluate the role of defects on the HEMT perfor-Small so that the response to the (gate will be measur-
mance. Previously, SGM has been used for basic studies fPI€- This is achieved by using a “bowtie” shaped mesa with

physics?“‘This work demonstrates that SGM is also a pow-a narrow region between the Ohmic source and drain con-
erful technique for device characterization. tacts. The width at the neck of the bowtie+8 um and the

The spatial variations in GaN electrical properties that'€ngth of the bowtiedistance between source and dyam

are associated with dislocations have been studied using COH/_picaIIy 5.5 um. A three-dimension_al rer_1dering of_the_to—
ducting tip AFM5~° In SGM, the conducting tip acts as a pography of such a gateless transistor is shown in Fig. 1.

nanometer-size gate that can be scanned over the region b‘ghese gateless transistors are dispersed among regular metal-
tween the source and drain of a transistor. In the case (ﬂate(NuAu) HEMTs so that the transconductance map ob-

AlGaN/GaN HEMTSs, the two-dimensional electron gas
(2DEGQ directly beneath the tip is modulated due to the field
of the tip. In our setugFig. 1), in addition to the dc voltages
applied between the drain and sourtgd and that between
the gate and source/y), a small ac biasu(,J), typically, at

20 kHz, is applied to the tiggate. The small-signal trans-
conductanced,,) is defined agy,,=di,./dv .., Wherei,.is

the ac component of the drain—source current at the fre-
quency ofv,., demodulated using a lock-in amplifier. In
comparison to previous work;* addingu 4 to Vg not only

dAuthor to whom correspondence should be addressed; current address:
Sandia National Laboratories, P.O. Box 5800, MS-1415, Albuguerque, NM

87185; electronic mail: jhsu@mailaps.org FIG. 1. Schematics of our SGM setup for mapping transconductamge (
YCurrent address: Technische Univeisitiiien, Floragasse 7,1040 Wien, variations. The picture is a three-dimensional rendering of an AFM topo-

Austria. graphic image of a gateless AlIGaN/GaN HEMTs.
0003-6951/2003/83(22)/4559/3/$20.00 4559 © 2003 American Institute of Physics
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FIG. 2. (a) I -V of a 3-um-wide gateless AIGaN/GaN transists) C-V of
adjacent metal-gate HEMTgate length-2 wm and gate widtk 200 xm). — ] pm

FIG. 3. (Color) 7 umX 7 um (a) topography andb) transconductance im-
tained from the SGM experiment can be correlated with theages of a 3am-wide gateless transistor. S: source, held at ground potential;

performance of real devices. D: drain, positively biasedVys=1V, V=0.5V, andv,=0.1V,,s. The

. . . . outlines of the mesa determined from the topographic infagare overlaid
The devices shown in this letter were fabricated on %n the transconductance ima@®. The gray scales represent 700 nm and

wafer grown under stoichiometric conditions to minimize 10-° S in (a) and (b), respectively.
gate leakagé!! This type of growth displays the character-

istic topography of pits associated with the surface termina,fhalt theg,, signal is very small near the souréground, as
tions of threading disl_ocatior?sff The device processi.ng Pro- seenin Fig. @). This contrast increases ¥s, increases and
cedures used on this wafer caused some etching of the \nqer further investigation. For the values\4f, and Ve
AlGaN barrier. Consequently, the thickness of the AlGaNseq in the SGM experiments, the gate current in the metal-
barrier in the final devices was reduced from the nominalyaie HEMT is at least four orders of magnitude smaller than
thickness of 25 nm to~12 nm, as estimated from the drain current. Attempts to image the gate leakage on the
capacitance-voltageC(-V) measurements on metal-gate powtie transistors using conducting tip ABMhow no mea-
transistors. Moreover, the depths of the dislocation pits arg  aple leakage under typical SGM conditions.
amplified and the overall 2DEG density was reduced. Figure 1o petter correlate the transconductance variations with
2(a) shows a current—voltagel £V) curve for a gateless gefects, we performed high-resolution SGM measurements.
HEMT used in the SGM experiment. Since AlGaN/GaN Figure 4 shows Simu|taneous|y acquir(a)jtopographic and
HEMTs are charge-controlled devices, fie'V characteris- (b) g, images taken aV4 =1V and Vg=—1V in a
tic is important for understanding the charge modulation be2 5 ,mx 2.5 um area. The transistor in Fig. 4 is different
havior in the 2DEG channel. Figurel@ showsC—Vysfor  from the one in Fig. 3, but they are on the same chip. At a
metal-gate HEMTs on the same chip as the gateless bow-tigate bias of-1 V, the 2DEG is nearly depletddFig. 2(b)].
transistors shown in Figs.(®, 3, and 4. The 2DEG is de- The g,, image shows a cell-like structure, with logy, re-
pleted at a gate bias of1.0 to —1.5 V due to the lower gions surrounded by highy, boundaries. The low,, regions
2DEG density of this particular sample. Even though thegenerally correlate with the locations of topographic pits.
inadvertent etching of the AlGaN barrier degrades the HEMTThe white lines in Fig. &) are the perimeters of the pits in
performance, the demonstration of the SGM technique is natig. 4(a). Since there are no large topographic changes in
impacted. these images, the position mismatch between topographic
Figure 3 shows simultaneously acquir@) topographic  andg,, images that occurs at the mesa edges in Fig. 3 is not
and (b) gm (Vgs=1V andVy=+0.5V) images of a gate- present. Figure @) shows that the modulation of the 2DEG
less transistor. The outline of the mesa determined from thg less efficient when the tifgate is on top of the pits.
topographic imagea) is overlaid on theg,, image (b). As As mentioned previously, under stoichiometric growth
expected, theg,, signal is nonzero only where there is a conditions, pits are found at the surface terminations of
2DEG: the etched-away areas surrounding the mesa have tiareading dislocation3® Dislocations in GaN are negatively
2DEG, and the drain current cannot be modulated when theharged'? leading to a local depletion of the 2DE& The
tip is over the Ohmic contacts. The0.4 um shift between potential variations due to the excess fixed negative charge
the two images is caused by the downward tilting of theassociated with the dislocations have been imaged by scan-
cantilever, which extends to the right of the images, so thahing Kelvin force microscopySKFM).2° Figure 4c) shows
the end of the tip is closer tdarther away fromthe side of a surface potential map at the same sample positions as Figs.
the mesa when the tip is over the Iéfight) edge of the 4(a) and 4b) taken with SKFM. By comparing Figs.(d
mesa, resulting in highgtower) electric field. We observed and 4c), it is clear that negative charggdark spots in Fig.
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barrier thicknes$.To estimate the size of depletion region
induced by the tip, we compare the measured SgzMWalue

to that of metal-gate HEMTs on the same sample. Since we
are in the lineat 4—Vys regime,g,, is proportional tow/L,
wherew is the gate width and is the gate length. The region
gated by the tip will bea®. At V=1V andVy=—-0.3V,
theg,, of a 2um lengthx 25 um width metal-gate HEMT is
~8.75x10 % S. Hence, for a HEMT withw=a and L
=a, g, would be 710" ° S. However, in the SGM experi-
ment, only a fraction of the 2DEG is gated by the tip while
current away from the tip flows unaffectedly. The ratio of the
measured SGM,, value (610 ¢ S) to 7x 10 ° S'is equal

to a divided 3um. Thus,a is estimated to be-250 nm. This
value agrees well with the size of the Iayy, regions in the
high-resolution SGM imagge.g., Fig. 4b)].

In summary, we have shown that SGM is a powerful
technique for mapping the electrical response of transistors
with 250 nm resolution. For bias conditions near depletion,
the transconductance map shows low signal regions correlate
with the presence of threading dislocations, consistent with a
lower 2DEG density in the vicinity of negatively charged
dislocations.

The authors acknowledge R. De Picciotto, N. Zhitenev,
and D. Monroe for useful discussions. The Lincoln Labora-
tory portion of this work was sponsored by the ONR under
Air Force Contract No. F19628-00-C-0002.
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