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Integrated piezoresistive sensors for atomic force-guided scanning Hall
probe microscopy
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We report the development of an advanced sensor for atomic force-guided scanning Hall probe
microscopy whereby both a high mobility heterostructure Hall effect magnetic sensor and an
n-Alg Gay As piezoresistive displacement sensor have been integrated in a single I[lI-V
semiconductor cantilever. This allows simple operation in high-vacuum/variable-temperature
environments and enables very high magnetic and topographic resolution to be achieved
simultaneously. Scans of magnetic induction and topography of a number of samples are presented
to illustrate the sensor performance at 300 and 77 K2@3 American Institute of Physics.
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The demonstration of-Si atomic force microscopy end of the cantilever, is electrically contacted via the four
(AFM) cantilevers with piezoresistive detecttarepresented gold leads at either side of the cantilever. The piezoresistor is
a major milestone in the field of scanning probe microscopyplaced at the base of the cantilever where bending stresses
as it allowed variable temperature atomic-resolution topoare at a maximum. In addition a sharg 100 nm diameter
graphic imaging without the need for optical sensing ele-AFM tip has been micromachined at the very end of the
ments with precise alignment criteria. There is much to be
gained by the extension of piezoresistive detection to ll1-V ..
semiconductor cantilevers since it would allow one to exploit
the direct band gaps and high carrier mobilities in these ma-
terials. In particular scanning tunneling microscdfd M)-
guided scanning Hall probe microscof§HPM),%2 which is
noninvasive and yields quantitative low-noise magnetic im- ==
ages, could be extended to nonconducting or electrically un-== =
connected samples. While the use of GaAs as a piezoresis™
tive material has been limited by its low piezoresistive |
coefficient? the Al content ofn-Al,Ga, _,As alloys can be
tailored to give large piezoresistive coefficieAtd/e have
recently shown that high sensitivity piezoresistive detection
can be achieved using a cantilever with @Al Ga 6AS
layer as the piezoresistive sensing elenfe®ince our sensor t(b)

is composed exclusively of ABa _,As alloy layers, which — 17nm GaAs cap layer
can be grown with almost perfect epitaxy, it allows us to . \40”'“ [#lg6a, A5 (LAY ol S1)
. . . g . L 2DEG 40nm undoped Al, ;Ga, ;As spacer
realize an integrated Iow?n0|se_HaII probe in a high-mobility "\ 1.0pm undoped Gas
Al, Ga, ;As/GaAs two-dimensional electron gd@DEG) ~ > 0.5um undoped superlattice
grown at the surface of the cantilever. (2.5nmGaAs/25nmAly ;Ga ;As,20 periods)
Figure Xa) shows a scanning electron micrograph of a {15 undoped Gafs 83
leted cantilever revealing the two primary sensors re 0.5 bl S [I4XI0 a5
comple g p y € 4.5um undoped Al, Gag 6As etch stop

quired for dual magnetic and topographic imaging. The first =" ~ 300pm S.1. GaAs substrate

sensor, a Hall crosfinset Fig. 1a)] situated near the very

FIG. 1. (a) SEM of a fabricated piezoresistive cantilever. Inset shows a blow
up of the Hall probe and pyramidal AFM tigh) Epilayer structure for our
¥Electronic mail: pyssh@bath.ac.uk integrated cantilever.
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FIG. 2. Measured noise spectra @ the piezoresistor antb) the Hall
sensor at 300 K and 77 K. Dotted horizontal lines indicate the Johnson noisd
limits.

FIG. 3. (a) AFM image of an hexagonal array of Au trianglgmage size

(IS) ~20 umx20um, grayscale span&sS) ~100 nm]. (b) Linescan in
sensor, close to the Hall probe. The entire cantilever has beeime direction indicated irfa@). (c) Magnetic image of a magnetic imaging
fabricated from a single GaAs/AlGaAs epilayer structurereference sampléMIRS) (IS~20 umx 18 um,GS-18 mT). (d) Linescan

ketched in Fi b | lar b it t of (c) in direction indicated(e) Topographic image of MIRS (K520 um

[sketched in Fig. ()], grown by molecular eam epitaxy at .15 ,,m,Gs-100 nm). f) Linescan in direction indicated ife).
590 °C. From top to bottom the stack comprises a modula-
tion dopedn-Al, sGa 7/As/GaAs structure forming a 2DEG _ _
~100 nm from the surface which is separated from the  The performance of the Hall probe is also determined by
n-Al, Ga, JAs piezoresistive layer by an electrical isolation its dimensions and the Johnson noise limit. Kaey resolu-
region composed of two undoped GaAs layers and ation of the sensor shown in Fig(d is limited to~1 um by
Aly:Gay 7As/GaAs superlattice. The micromachining stepsthe optical lithographic processing, although submicron
developed to realize the cantilever are reported elsevthere.probes could easily be realized by electron-beam lithography.

The performance of the cantilever as an AFM sensor cairhe Johnson noise-limited minimum detectable field is given

be estimated from its geometry and material properties. Fopy B, ;.= 4kg TRAT/I 4Ry whereR is the series resistance
the rectangular cantilever shown in Figallthe spring con-  of the voltage leads,, is the Hall current and th&,, Hall
stant is well described by coefficient. For a Jum Hall cross, with typical values d®

=80 k), Ry=3000Q/T, andly=4 pA at 300 K, a MDF
- (1) of 3X 1078 T//Hz is estimated.
L=’ Plots of measured noise spectra for the piezoresistor and
Hall probe at 300 and 77 K are given in FiggaRand 2b).
At low frequencies 1/ noise dominates the response of both
piezoresistor and the Hall probe, while above a corner fre-
quency the indicated Johnson noise limit is rapidly ap-

Ewt

wheret is the thicknesswy is the width,L is the length of the
cantilever, anckE is the Young’s modulus in thgd11] direc-
tion (E=12.2x10%° Pa).” The fractional resistance change

is given by proached. The noise figures fall abruptly when the sensor is
AR 3 E1-1/(2L)](1—t,/t) cooled to 77 K que to the explicit temperatu.re depgnQence of
i TR Az, (20  the Johnson noise as well as that of the piezoresistive coef-

ficient and the resistance of the Hall probe leads.

where Az is the deflection of the cantilever tig, is the Measgrements were performed ".V'th the cantllevgr
thickness of the piezoresistor, amg is the longitudinal pi- mounted in a low temperaturg STM which had been modi-
ezoresistive coefficient. Using our known cantilever dimen—fled fo'r AFM use. The deflect|on.of the cantilever was mea-
sions (=400 um, w=150m, t=6 um, | =60 um, and sured.ln a Wheatstone bridge driven f':lt 5 V dc, colmposed of
t,=0.5um) and piezoresistive coefficient 7(=1.35 the piezoresistor and three almost |'dent|$:al re§|stors. .'Ifhe
x107° Pa L in n-Aly Gay (As at 300 K®8we calculate that output was passed through a low noise high gain amplifier
k=15 N/m andAR/(RAZ)=8.0x10"7 A~1., The figure-of- and detected with a phase sensitive detector. The resonant
merit of AFM sensor performance is the minimum detectabldrequency of our cantilevers ranged from 18 to 21 kHz and
deflection (MDD) whose fundamental limit is set by the quality factors of 300—-500 could be achieved in a@ (
Johnson noise\(,= 4k TRAT ) from the piezoresistor and >10000 under vacuum

the three identical resistors in the Wheatstone bridge into The cantilever was tested in AFM mode by scanning a
which it is incorporated. We estimate a MDD of 0.02Afz  patterned 100-nm-thick gold film comprising of triangles

at 300 K for a typical piezoresistor with resistance Z5.k  (side length 5um) in a hexagonal arraP/ with 1Am period
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Figure 4a) shows a 77 K magnetic image of part of a 10
pum period square array of 5um superconducting
YBa,Cu;0;_ 5 (YBCO) squares. The 0.3am-thick (001)
YBCO film was grown on a MgO substrate at 690°C by
electron beam coevaporation of the metals. It was patterned
using optical lithography and Ar ion milling, and subse-
quently annealed in atomic oxygen to optimize the stoichi-
ometry. The sample was zero field cooled to 77 K when a 2.5
mT field was applied perpendicular to the film. The sensor
was then scanned across the sample at a constant height of
~1 um. Dark areas where the YBCO squares have screened
the penetration of flux are clearly resolved, and are seen
3 more clearly in the adjacent linescfrig. 4(b)].
p In conclusion we have demonstrated an advanced inte-
éz grated sensor based around a llI-V cantilever with piezore-
m 1
<

0

- sistive detection, which allows one to perform AFM-guided
scanning Hall Probe microscopy. In this way the unique ad-

0 '2 "} ('5 é 1'0 1'2 1'4 1I6 vantages of SHPM can be extendeq to the imaging of non-
X(|Jm) co_n_ductlng or uncor_mected magnetic samples. The senso_r’s
ability to produce simultaneous topographic and magnetic
FIG. 4. (3 Magnetic image of a square array of YBCO squares (|Simages has been demonstrated. Fina”y, we note that our p|'
~16 umx16 um,GS-2.5mT), T=77 K, uoH,=2.5mT.(b) Linescanin  ezoresistive cantilever also allows the direct integration of
the direction indicated itfa). other secondary I1l-V sensors during epitaxial growth which
can further exploit the properties of direct gap semiconduc-

_ _ _ _ - tors, e.g., a vertical cavity surface emitting laser or a single
along a given lattice vectdiFig. 3@ and linescan in Fig. glectron transistor.
3(b)]. The image was scanned in noncontact mode with the _ _
cantilever slightly inclined (1°-2°) with respect to the  The authors acknowledge the financial support of
sample. The cantilever was oscillated close to its resonandeP SRC in the UK(Grant No. GR/M7611pand TUBY TAK
frequency and approached towards the sample until the o Turkey (Grant No. TBAG-1878
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