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CKAHUWPYIOLLAS MUKPOBOJ/IHOBAS
MUKPOCKOMUSA: YHUKAJIbHbIN
METOJ U3MEPEHUM

B HAHOAWANA3OHE

IIL.By, [1-p/ shijie_wu@agilent.com

KomnaHus Agilent Technologies paspa6oTana HoBbIi
M3MepUTe/IbHbIV METOA, — CKAHUPYIOLLYIO MUKPOBOJIHOBYHO
Mukpockonuio (CMM), koTopas ye yooCcToeHa psga
nNpecTMXHbIX Harpag,. CMM o6beanHseT LULMPOKUe
BO3MOXXHOCTU U3MEPEHUI 3/IeKTPUHECKUX BESTUYMH
MUKPOBOJ/IHOBbIM BEKTOPHbIM aH/IM3aTOPOM Lienewn

(BALL) c HaHOpa3MepHbIM MPOCTPaHCTBEHHbIM

paspeLueHnemM aTOMHO-CMI0BOro Mukpockona (ACM). Otot
VMHHOBALMOHHbIN METOA, MOXET 3 PeKTUBHO NPUMEHSTLCS
npv NpoBeAeHNU pasHOObpasHbIX UCCeA0BaTe/IbCKUX paborT.

OMHKMO BO3MOKHOCTH KOMIIJIEKCHOTO H3Mepe-

HUS COIIPOTHUBIEHUS (AKTHUBHOIO U PeaKkTHUB-

Horo), CMM - eIUHCTBEeHHBIN MeTOJ aTOMHO-
CHUJIOBOM MUKPOCKOIIMH, KOTOPHIH obecrieumBaer
KOJIHYeCTBeHHBbIe U3MEePEeHHUS INeKTPUUeCKON e MKO-
CTH M KOHIIeHTPAalLlUU JeTHPYIONUX IPHUMeCeH.
CtangapTHble 00pa3ibl /I TOYHON KOJIUYeCTBEH-
HOM OLIeHKH CBOKCTB MaTepPHaJIOB U YCTPOUCTB pa3-
paboTaHsl crieruanuctaMmu Agilent B corpynuudve-
CTBe C aMepHUKaHCKUM HallMOHanbHBIM HHCTHUTY-
TOM CTaHAapToB U TexHosnoruu (National Institute of
Standards and Technology - NIST).

YCTAHOBKA CMM

CKAaHUPYWIIUHN MHKPOBOJHOBBIK MHKPOCKOI
coctouT U3 ACM, compsskeHHOro ¢ BALl mpou3Bof-
cTBa Agilent [1]. CBY-cHTrHaJ OT aHa/IK3aToOPa Liemei
IIPOXOJHUT Yepe3 pe30HAHCHBIKM KOHTYP U IIOCTyIaeT
Ha nposogsmun 3051 ACM, KOTOPBIH KOHTaKTHpYeT
C UCCIelyeMBIM 06pa3LioM. 30H, TaksKe CJIY>KUT IIPU-
€MHHKOM OTPa’kKeHHOro OT TOYKH KoHTakTa CBY-
CHUTHaJa. M3MepeHHBIe aHA/IM3aTOPOM Liellek 3Have-
HH S KOMIIJIEKCHOTO Ko3pdUuIlMeHTa oTpaskeHus S11
U IIOJIHBIe COIPOTHUB/IEHH S 00pasiia B KasKA0kH TOUKe
CKAaHUPOBAHUS MOTYT COIOCTABIATHCS C TOIOTPaAM-
MO [IOBEPXHOCTH.

Jiss GOpMHUPOBAHMS COIJIACOBAHHOTO Pe30HAHC-
HOI'0 KOHTYpa, [Iapaijie/ibHO Harpyske 50 Om ycra-
HOBJIEH IIOJIyBOTHOBOMU TpaHCcHOPMATOp HMIIe-
JaHCa. DTOT KOHTYP He TOJbKO yIydYIllaeT OII03HaBa-
HHe [IMKOB CUIHaJja, HO ¥ 3HAYMTEe/IbHO paclIHupseT
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SCANNING MICROWAVE
MICROSCOPY: UNIQUE METHOD
ENABLES MEASUREMENTS

AT THE NANOSCALE

S.Wu, Ph.D. / shijie_wu@agilent.com

An innovative and award-winning imaging
technique, scanning microwave microscopy (SMM)
mode, is discussed in this article. Developed by
Agilent Technologies, SMM mode combines the
comprehensive electrical measurement capabilities
of a microwave vector network analyzer (VNA)

with the nanoscale spatial resolution of an atomic
force microscope (AFM). This groundbreaking AFM
mode of operation offers unprecedented utility for a
diverse set of applications.

n addition to enabling complex impedance

(i.e., resistance and reactance) measurements,

SMM is the only AFM-based technique that
can be used to acquire calibrated capacitance and
dopant density measurements. Researchers from
Agilent collaborated with the National Institute
of Standards and Technology (NIST) in the United
States to establish special calibration standards,
which allow quantitative assessment of material
and device properties via SMM.

SMM SETUP

A scanning microwave microscope consists of an
Agilent AFM interfaced with an Agilent vector network
analyzer [1]. A microwave signal is sent directly from
the network analyzer and transmitted through a
resonant circuit to a conductive AFM probe that is in
contact with a sample being scanned. The probe also
serves as a receiver to capture the reflected microwave
signal from the contact point. By directly measuring
the complex reflection coefficient from the network
analyzer, known as the S11 parameter, the impedance
of the sample at each scanned point can then be
mapped simultaneously with the surface topography.
A half-wavelength impedance transformer is placed
directly across a 50Q load to form a matched resonance
circuit. Combined with enhanced peak detection, this
circuit significantly increases the dynamic range and
sensitivity of the impedance measurement. With a
superimposed low-frequency modulation, changes
in the capacitance as a result of depletion of carriers



OJUHAMHUYeCKHI AHAMA30H U UYBCTBHUTEJIbHOCTD
HM3MepeHHUsl IIOJHBIX COIIPOTUBIeHUH. [Ipyu Mo ys-
UMM HaJIO)KeHHeM HKM3K04aCTOTHOTO CUTHaJla U3Me-
HeHHe eMKOCTH B Pe3y/IbTaTe UCTOINeHUSI HOCUTe/Ier
3apsi/ia B I1OJyIIPOBOJHHUKOBOM 0bpa3iie UK XapaK-
TepucTrKa dC/dV Takske MOTYT OBITH OIpejie/IeHb
B IIOJIyKOHTaKTHOM pesxkruMe pabotsl ACM, KOHTpOII-
J1Iep KOTOPOTO BKJIOUaeT LUPPOBble CHHXPOHHBbIE
YCUIUTEIIH.

[IporpaMMHOe obecredeHHe KOHTPOJIHPYET BCe
KaHaubl c6opa MaHHBIX, BKIOYas HHPOPMAI[HIO
0 Tormorpaduu oT KoHTpoasepa ACM, aMIIIUTyAy
U dasy KospdUIeHTa OTpaskeHU s OT aHa/IM3aTopa
Lerem, a Takke KoMIoHeHTH dC/dV oT KOHTpoI-
Jlepa IMOJIyKOHTAaKTHOTO pexxuMa ACM. B ornuyue
0T MpubOPOB HEKOTOPBIX JPYIUX IIPOU3BOAUTEIIEH,
B ACM Agilent npumeHsercs He 16-6uTHOe, a 32-6uT-
HOe KOLHUPOBAaHHe JAaHHBIX. JT0 obecredynBaer ayd-
ImKe JTMHAMHYeCKUH JHAIla30H U pa3pelleHMe 1Py
HCK/IIOYUTeNTbHO BBICOKOM TOUHOCTH H3MepeHUH.
Vicrosp30BaHHe COOTBeTCTBYIOIIMX CTAaHAAPTHBIX
06pasIoB JaeT BO3MOKHOCTh KOTUYeCTBEHHO H3Me-
PATH 3HaYeHU s eMKOCTH U IIJIOTHOCTH JIETHPYIOIIUX
npumecer [1].

NCnoJib30BAHUE CMM

H3mepenus 1o metony CMM BHIIIOJIHSIOTCS Ha QUK-
CHPOBaHHOH YaCTOTe. ITa YacTOTa 3a[aeTCs IOIb30-
BaTeJieM B AuamnasoHe 2-20 [T npyu MaKCHMaJIbHOM
OTHOIIEHUHU CUTHAJI/IIYM U Jy4lIer YyBCTBUTE/Ib-
HOCTH HU3MepeHHUH. BosMoskHOCTH CMM pacmupsier
MOJIY/Ib M3MepeHUs NPoUJIs paclpee/leHU s JIeru-
pytomesi mpumecy (MUIJIII), KOTOPBIH CIY>KHUT JJIsI
oIpeneneHUs KaTUOPOBAHHOTO abCOMIOTHOrO 3HAYe-
HHUS KOHLEHTPALIUH JIETUPYIOIIKUX IPUMeCceHt, 4YTo
Ba>KHO 151 PU3HUUECKUX HCCIeIOBAHUN B 06/1acTH
[epCIIeKTHBHBIX yCTPOKCTB.

Jis u3mepeHUs NPOGUIIA paclipeleleHus Jeru-
pytomen npumecu CBY-curHan ot BAILl menutcd
B MUIUIII Ha ABe COCTaBAAIOLIKE: IIepBas YCHUIHBa-
@TCS ¥ UCII0/JIb3YyeTCS B KaueCTBe JIOKAJbHOTO reHe-
patopa (JIT) curnana gis cmecutens dC/dV; Bropas
YCUIMBAETCS U IIepesaeTcs 110 IJIaBHOMY KaHaJjly Ha
ocTpue 30H1a ACM, KyZa TaKkKe [IOCTyIaeT HHU3K0oYa-
CTOTHBIM (PafHMO4acTOTHBIM ~ PY) CUTHA/ OT BHEMI-
Hero MICTOYHMKA, HalIpUMep, TeHepPaTopa QyHKIIHMH.

B cBsI3M C U3MeHeHHeM eMKOCTH obpasla Ipu
BO3fencTBUU PU-curHana CBY-curHalI oTpaskaeTcs
U MOAYJIHPYeTCsl € 4acToToH PYU. OTpaskeHHBIH MOAY-
AupoBaHHBIN CBU-CHUI'HAJ Takke AeMHUTCS Ha JBe
cocTaBngwinye. [lepsas ycuauBaeTCcsa U HapaBd-
eTcsl Ha BHYyTPeHHUM cMecuTenb MUIIIII, rae cMme-
IMHBaeTCsa ¢ curdanaoM JIT u memMomynupyercs. 3TOT
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in a semiconductor sample, or dC/dV, can also be
obtained at the same time with an AC mode controller
containing digital lock-in amplifiers.

The software controls data acquisition of all
channels, including topography from the AFM
controller, amplitude and phase of the reflection
coefficient from the network analyzer, and the dC/
dV components from the AC mode controller. The
software saves all data in 32 bits, rather than 16 bits,
which is often used in other AFMs. This completely
overcomes the limitations of 16-bit data’s dynamic
range and resolution, allowing extremely delicate
measurements. Using the appropriate calibration
standards, the system is capable of performing
quantitative measurements on capacitance and
dopant density [1].

SMM OPERATION

SMM measurement is done at a fixed microwave
frequency. However, a wide range of excitation
frequencies (2 GHz to 20 CHz) is available to ensure
that SMM users can select the optimal frequency
to maximize the signal-to-noise ratio and achieve
the best sensitivity. A special dopant profile
measurement module (DPMM) is available to extend
the capabilities of SMM mode to provide calibrated,
absolute measurement of dopant densities, critical for
advanced device physics studies.

For dopant profile measurement, the microwave
signal from the VNA is divided into two parts within
the DPMM. The first part is amplified and used as the
local oscillator (LO) signal for the dC/dV mixer. The
second part is amplified and sent through the main
arm of the coupler to the AFM probe tip, where a low-
frequency (radio frequency, RF) signal is also applied
to the tip from an external source (e.g., a function
generator).

Due to changes in the capacitance of the sample
induced by the RF signal, the microwave signal is
reflected and modulated at a rate equal to the RF
frequency. The reflected, modulated microwave signal
is then divided into two parts as well. The first signal
is amplified and directed to the DPMM internal mixer,
where it is mixed with the LO signal and demodulated.
This demodulated signal is further processed using
a lock-in amplifier for dC/dV amplitude and phase
signal, which give the information of the dopant
and its concentration in the sample. The second part
of the reflected microwave signal is amplified and
delivered to the VNA receiver, and is used to measure
the capacitance of the sample. Therefore, SMM is
capable of obtaining capacitance and dC/dV images
simultaneously.
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oeMOOyTHUPOBAHHBIN CUTHAJ 3aTeM Ipeobpasy-
eTCS CUHXPOHHBIM YCHUIHTeJIeM B CUTHAJI aMIIIU-
Tynsl 1 dassl dC/AV, KOTOpEIE comep>kKUT HHPOPMa-
LIMIO O JIETUPYOIIMX IIPUMeCIX U UX KOHLEeHTpa-
IIUH B HCCleyeMoM obpasiie. Bropasi cocTaBsomast
oTpaskeHHOro CBY-curHama, yCu/JIeHHAs U HaIllpaB-
JTeHHas NpHUeMHOMY YCTPOMCTBY BAII, ucmonbsy-
eTCsl AJ1s1 OLleHKH eMKOCTH obpasiia. Takum obpasom,
CMM 1103B0/II€T ONHOBPEMEHHO HU3MEPATh EMKOCTh
u mapametp dC/dV.

CMM-OTOBPAXEHWE NETMPOBAHHON CTPYKTYPbI
noavynpoBOAHUKOBbBIX YCTPONCTB

B I10/1yIIpOBOAHMKOBBIX IIPHOOpPax HOCKUTENH 3apsifa
B JIETUPOBAHHOM 06/71acTH BOIM3M KOHTAKTHOIO
3JIeKTPOJia MOTYT HaKaIlJIMBAaThCS UJIM MCTOLATHCSH,
B 3aBUCHMOCTH OT CMELIeHH S I10 IIOCTOSSHHOMY TOKY
(2, 3]. IIpu IpuU/IOKEeHUH [IepeMeHHOr0 HaIlpsSKeHHU 1
VAC, 6113Kkoro UKCHpOBaHHOMY paboueMy IIOTeH-
uuany VDC, B oTBeT Ha Moaynsanupo VAC Habiro-
maeTcs UsaMeHeHHe eMKocTH dC [4]. 3HaueHue VDC
06BIYHO BEIOUPAIOT B TOUKe, Ifie KpuBasi C-V nMeeT
HaubONBIIUN HAKJIOH, YTO OJIM3KO HANPSIKEHUIO,
COOTBETCTBYIOIIeMYy IJIOCKMM 3HepreTH4eCKHUM
30HaM, - Torga obecrieunBaeTcss MaKCUMaJbHAs YyB-
CTBUTEJIBHOCTD. [IpH 3THUX YCIOBUSX BBICOKOe 3Ha4e-
Hue dC/dV cooTBeTCTBYyeT HU3KOM KOHIIEHTPALIUHU
HOoCHTeseN, a HUu3koe dC/dV - BBICOKOM KOHIIEHTpa-
LMY HOoCHTenel. O4eBUAHO, UTO /IS KpeMHHUS KakK
p-THIIA, TaK U N-TUIA IPHU OJHUHAKOBOM KOHLIEHTPaA-
LIUM HOCUTeIeH 3apsiaa 3HaueHUs1 dC/dV onHAKOBBI
[0 BeJIMYMHe, HO Pa3JIM4YHBl 10 3HAKY (IIO3UTHUB-
HBle [/Is p-THUIIA U HeraTUBHBIe [JIsI N-THIA). TaKuM
obpa3om, HHIEKC MOAYISLHUHN OoTpaskeHHOro CBY-
curHasa (To ecTh BeJIMUKMHA U da3a MOAYIUPOBAH-
HOT0 CUTHaJ/Ia, U3MepeHHOro 1o Metony CMM) MoxkeT
OBITb UCIIONB30BAH [JISI XaPaKTePUCTUKHU CTPYKTYPBI
Y THIIA JIeTUPYIONIUX IPHUMecel B II0yIIPOBOJHUKO-
BBIX 3JIeMeHTaXx.

Kak oTrmeyasiock paHee, metog CMM mo3BoJiseT
OJIHOBPEeMEHHO OLIeHUBATh U 3JIEKTPUYECKYI0 €MKOCTb,
u napametp dC/dV. Ha puc.l mpeacTaBIeHb Pe3yib-
TaThl U3MepeHUsl eMKOCTH (aMmIanuTyna BALL) u dC/dV
HHTerpaapHou cxemsl (MC) [4]. Puc.la mokaseiBaeT
O4YeBUIHBIE Pa3/IMUKS TOHKUX JIETUPOBAHHBIX CJI0€B
B aKTHUBHBIX 00J1aCTSIX 371eMeHTa. Pe3KUH KOHTPACT
B n3obpaskenuu a3 dC/dV Ha puc.1b mogTBepsrIaeT
Ha/IM4Me B CTPYKTYpe IIOJYIIPOBOAHKMKA CHUJIBHO JIETH-
POBaHHBIX cy0eB. IIpodunp, mpencTaBIeHHBIN Ha
pHcC.1c, COOTBETCTBYET BepTUKAJIBLHOM 3€/1eHOM THHUHU
Ha puc.lb. CornacHo pe3ynbraTaM H3MepeHHH, pas-
nuuHble 30Hb MC uMeT $pa30BbeId cABUT 180°, UTO
IIOATBepPKAaeT JOMHUHHPOBAHHEe B HUX Pa3HBIX
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SMM IMAGING OF DOPANT STRUCTURES OF
SEMICONDUCTOR DEVICES
In the case of semiconductor devices, the mobile charge
carrier in the doped region can either accumulate or
deplete in the vicinity of a contact electrode depending
on the DC bias applied [2, 3]. By applying an AC voltage,
Vac, around a fixed working potential, Vdc, a change
of capacitance dC in response to the modulation voltage
Vac will be introduced [4]. Vdc is usually chosen at that
point where the C-V curve has the largest slope, which
is around the flatband voltage. In this way, maximum
sensitivity is achieved. Under these conditions,
a higher dC/dV value corresponds to low carrier
concentrations, while a lower dC/dV value corresponds
to higher carrier concentrations. It is also clear that for
both p- and n-type Si, dC/dV is the same in magnitude
but of opposite sign (positive for p-type, negative for
n-type) for identical carrier concentrations. Therefore,
the modulation index of the reflected microwave signal
(i.e., the magnitude and phase of the modulated signal
measured by SMM) can be used to characterize the
structure and type of dopant in semiconductor devices.
As stated earlier, SMM mode can be utilized to
obtain capacitance and dC/dV images simultaneously.
Capacitance (VNA amplitude) and dC/dV images of
an integrated circuit (IC) sample are presented in
fig.1 [4]. The capacitance image, fig.1a, clearly reveals
differences in the varied shallow doping that constructs
devices within the active areas. Dramatic contrast
difference in the dC/dV phase image, fig.1b, confirms
the presence of sub-surface highly doped layers. A
vertical line profile across the phase image (as indicated
by the green line in fig.1b) is displayed in fig.1c. The
measurement shows that the different bands in the
IC are 180 degrees in phase mode, which suggests that
those two different regions of the sample are dominated
by opposite charge carriers, in correspondence to the
existing bands of n-type buried layer (NBL) and p-type
buried layer (PBL) under the active components. The
circuitry map is also overlaid atop the VNA amplitude
image to show the regions of the NBL and PBL. A small
difference in capacitance can be seen between the two
regions.

SMM IMAGING OF HIGHLY DOPED MARKER LAYERS IN
GaN ON SAPPHIRE
Here, SMM is used to investigate the quality of GaN
(gallium nitride, a III-V compound semiconductor with
a wide bandgap) films and the origin of unintentionally
doped regions in the films grown on a sapphire
substrate.

Fig.2 shows SMM topography, a capacitance map,
a dopant density map of the film cross-section, and
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CKpbITbIV cior Tvna p+ (CCP)
P+ buried layer (PBL)

AKTUBHas obnactb 3nemeHTa(os)
Active area of device(s)

CKpbITbIV cion Tuna n+ (CCN)
N+ buried layer (NBL)

CKpbITbIV cor Tvna p+ (CCP)
P+ buried layer (PBL)

Puc.1. M3mepeHue 0b6pasua NC ¢ bunoasipHol komnaemeHmapHou MOK-cmpykmypot no memody CMM: a - emkocms; b - ¢paza
dC/dV; c - npogunb no ceyeHuto, 0603Ha4eHHoMy 3eaeHoll AuHuel; d — cxema obpa3ua VC. Mpu nodzomoske obpasua bbinu
onpedeneHbl Ne2UPOBAHHbIE 06AdCMU AKMUBHbIX 3nemeHmos. Cmpykmypa UC akao4aem cAab0Ae2upo8aHHyo p-noonoXKy
C 3NUMAKCUAanbHbIM CA0eM MOALLUHOU 0KkoA0 3,0 mkm. CuAbHOAE2UPOBAHHbBIE CKPbIMble CAOU MUNO0B N+ U P+ PACNOAOXKEHbI Y
2paHuypl. Craboe nezuposaxue pasAuYHbIMU NpUMecsmMu 06pasyem KapmMaHbl U KOHMAKmMbl aKmMuHbIX ycmpolcme

Fig.1. SMM imaging of BICMOS silicon IC sample that has been delayered to reveal the doped regions within the active devices: a -
capacitance; b - dC/dV phase; c - phase line profile; d - design layout. The IC process stack includes a lightly doped p-substrate with
an epitaxial layer approximately 3.0 pm thick. Highly doped N+ and P+ buried layers are positioned at the interface. Shallow doping
of various impurities forms the wells and contacts of the active devices
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II0 3HAKy HOCHTeJIel 3apafa U COOTBeTCTBYeT PacIlo-
JIOKEHH IO I104 AKTUBHBIMH KOMIIOHEHTAMH CJIO€B
p-THIIa (TIC) u n-tuma (HC). HanoxkeHue cXeMbl Ha
n3obpaskeHHe, IIONTy4YeHHOe ¢ IoMoIbio BAILL (puc.1d),
nokaseiBaeT obnactu IIC u HC, KOTOphle HEe3HAYH-
TeJIbHO OT/IUYAIOTCS 10 eMKOCTH.

CMM-OTOBPAXEHUE CU/IbHONErTMPOBAHHDIX
MAPKEPHbIX C/IOEB GaN HA CANOUPE

CMM MoO>KeT HUCII0/NIb30BaThCs AJ/Is1 KOHTPOIA Kade-
cTBa mu1eHoK GaN (HUTPHUJA raaaus, MOJyIPOBO-
OHUK Tpynmnsl [1I-V ¢ mIMpOKo 3anpelieHHON 30HO)
Y IIPOMCXOX/IeHH S HellpeJJHAMePeHHO JerupOoBaH-
HBIX 0O7acTel B COCTaBe IIJIEHOK, BRIPAllleHHBIX Ha
candupe.

Ha puc.2 npefcTaB/eHbl [10/y4YeHHbIe C [IOMOIIbIO
CMM TomorpaMma, KapThl eMKOCTeH U IIJIOTHOCTel
JeTUPYIONUX IIPUMeCeH B MOIlepeuHOM CeYeHHUH
IIJIeHKH, a TAK>Ke IIPOPUIIb IIOTHOCTE JIeTHPY IO KX

a line profile across the dopant density map [5]. The
sapphire substrate is located on the left edge of the
dataset; the wafer surface would be farther towards
the right but it is not within the scan range shown.
The topography shows a step from the substrate to
the GaN layers, several steps within the GaN, and
some undefined contaminants at the right edge. The
capacitance map shows some contrast at the substrate-
film interface and a regular pattern of bright and dark
lines towards the wafer surface.

In SMM dopant density maps, undoped as well as
highly doped material yields lower signal and is seen
as darker regions. The dark regions comprise the
sapphire substrate, the highly doped marker layers,
and the undoped GaN layers. The bright features are
regions with a low (lower than the highly doped layer,
but higher than the undoped layer and the substrate)
density of charge carriers. This is the case in the
regular stripes towards the wafer surface. Between
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IIpHUMecell B CEYeHUH, BHIIIOJHEHHOM II0 3eJleHOH
nuHHuHU [5]. Canduposas MOATOKKA pacIolokeHa
B JIeBOM YacTH HM306paskeHHH, IOBEPXHOCTH IJa-
CTHHBI - CIIPaBa, HO 3a ITpefieJlaMH IT0OKa3aHHOM ob1a-
CTH CKAaHUPOBaHHUS.

TororpaMMa AeMOHCTPHPYeT IepeXof, OT IIOAJIOKKH
K cinosim GaN, Hecko/lbpKo "cTymeHeKk' B Toime GaN
1 HeoIlpe/le/leHHEIe IPUMeCH B IIPaBOL YacTH H30-
6parkeHus. Ha KapTe eMKOCTeH BUAHBEI KOHTPACTHbIE
067acTH Ha IPaHMUIIE MOJJIOKKA-TI/IEHKA U Perynsip-
Hasi CTPYKTYpa M3 CBET/IBIX U TEMHBIX I10710C 6/HKe
K [IOBEPXHOCTH IIJIACTHHEL.

Ha kaprTe IIJIOTHOCTeH JIETUPYIOIUX ITPKMecek ob/1a-
CTH, He coflepsKalllre JerHpyoIlUX IIPUMecer U Cofep-
Kallle UX B OUeHb BBICOKHUX KOHIIEHTPALHsX, 0Tobpa-
>KeHBI TEeMHBIMH, TaK Kak OT HHUX IIOCTyIIaeT CaabbIi
OTpaskeHHBIN CUTrHaa. TeMHbIe 00/1aCTH BK/IIOYAIOT
cangHupoOBYIO MOAJIOKKY, CUIIbHOJIETHPOBAHHBIE CIIOH
1 HeJlerpoBaHHbIe ciou GaN. SIpkue obnacTu, xapak-
TepH3yOIIHecs: HU3KOH IVIOTHOCTBIO HOCUTe IeH 3apsia
(HM>Ke, YeM Y CUJIbHOJIETHPOBAHHBIX C/I0€B U BBIIIIE, YeM
y HeJIeTHPOBAaHHBIX CJI0€B U IOJJI0KKH), OPMHUPYIOT
6/11Ke K TIOBePXHOCTH IIJIACTHHBL PEryIsSPHYIO CTPYK-
TYpy M3 [apajljle/IbHbIX [10JI0C. EC/IM MesKy HeJlerupo-
BAaHHBIMHU CJIOSIMHU BblpallleH CUJILHOJIeTHPOBAHHBIM
CJIOH, BCe TPH BBIIVIAASAT TeMHBIMH, TaK Kak XapaKTe-
PpU3YIOTCSI HU3KUM curHanom dC/dV. B pesynbraTe nud-
dysuu HoCHTe el 3apsifia M3 IETHPOBAHHBIX B HeJleTH-
POBaHHBIE CJIOM Ha TPaHHULIAX MEKAY HUMHU IJIOTHOCTh
HOCHTe/IeN HU3Ka, YTo 00yC/IaBIHBaeT BHICOKOe 3Haue-
Hue curHasa dC/dV. ITosToMmy Hanu4uKe Ha U306paske-
HUH PeTy/IsIPHON CTPYKTYPBl U3 NPSIMBIX SIPKUX TMHUHN
CBU/JIETe/IbCTBYET, UTO POCT C/10€B 6b1/1 pABHOMEPHBIM.

Mesxay MOJJIOKKOM U IIaJKUMHU CJI0SIMH PacIio-
noskeHa 0671acTh, KoTOpas 6bl1a HellpeiHAMEPEHHO
JlerupoBaHa B ITpolLiecce pocTa. B 3Tor 06/1aCTH MOSKHO
OTMETHUTb TPH M3BH/IMCTBIX TeMHBIX CHJ/IbHOJIETHPO-
BAaHHBIX MapKePHBIX CJ105, KOTOpble OTMeYaloT I10J10-
SKeHHe II0BePXHOCTH POCTa B IIePHUOJ, BHeCEHU S JIeT 1~
pyomux npumeceii. ®opma cnoes 061acTH Hempes-
HaMePeHHOI0 JISTUPOBAHUS CBUIETeILCTBYET O BBICO-
KOH II€POXOBATOCTH ITOBEPXHOCTH BO BPeMs UX BbIpa-
IUBaHUA [6]. [TonyyeHHble ¢ oMo bio CMM KapThl
IJIOTHOCTEH JIeTHPYIOIIKUX ITpHUMecel (He IIOKa3aHbL
Ha PUCYHKaXx) IOATBePKIAIOT IIpeIIooKeHHe, YTO
HaKJIOHHBbIe II0BePXHOCTH UMEIOT pellalollee 3Haye-
HHUe 151 pocTa 06/1acTH HellpeiTHAMEPeHHO JIeTHPO-
BaHHOIo MaTepuana [5].

AOMNOJ/IHUTE/IbHbIE BO3MOXHOCTU CMM

CMM MOKeT HUCIIONTB30BAThCS /ISl IPOBEIeHU ST H3Me-
PeHHUH Ha MeTa/laX, IIOTYIIPOBOAHUKAX, JUIIEK-
TPHUKAX, CEIHETO3IeKTPHUKAX, U30IITOpaX, a TAKXKe
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Puc.2. N3mepeHue cmpykmypbl GaN, ebipaweHHOU
Ha cangupe: a — monozpamma; b - kapma emkocmelu;
C - Kapma KOHUueHmpauuu Aezupyuux npumeceu;
d - npoguab KOHUeHMpauuu Aezupyruux npumecel
8 CeYeHUU, 8bINOAHEHHOM N0 3eAeHol AUHUU

Fig.2. SMM imaging of GaN structure on sapphire: a - topog-
raphy; b - capacitance map; ¢ - dopant density map; d - cross-
section of dopant density map along the green line




OHroOTHYeCKUX MaTepraiax AjIs OLeHKH CBOKCTB,
CBSI3aHHBIX C HeOOJBIIMMU U3MeHEeHHUSIMU 3JIeKTPO-
MarHUTHBIX B3aUMOJEHUCTBHUI Pa3IUUYHBIX KOMIIO-
HeHTOB 06pa3ua mox gericTBueM CBU-curHaza Kak
B CTAaTUYeCKOM, TaK U JTUHAMHUYEeCKOM pekMMax.
PaspemeHue MeToLa OTpaHHUYEHO reoMeTpHuye-
CKMMH pasMepaMU OCTPUS 30HA.

B gyactHoctu, CMM MOXKeT IIPUMEHSATHCS LJIs
HU3y4YeHUS OU3TeKTPUUYECKHUX CBOHUCTB OpraHHUYe-
CKHX TOHKHUX IIJIEHOK, B TOM YHCJIe CAMOOPraHHU-
3YIOIIMXCS MOHOCJI0EB OpPraHHYeCKUX MOJIEKYII.
IIpu KayeCcTBeHHOM KanubpoBke CMM mo3BossieT
06HApY>KUBATh Pa3/HUUYUsI eMKOCTH, H3MepseMble
B arTodapaznax [7]. 3Has TONIIKUHY IIJIEHKH K 3Hade-
HHS OTHOCHTE/IBHBIX AH3IeKTPUYECKUX IIOCTOSIH-
HBIX, MOKHO Ha OCHOBe pa3paboTaHHBIX MofeIeHn
ormpenenuTh 3pPeKTUBHYIO 0671aCTh KOHTAKTA KOH-
YHKa 30HAA U 06pa3la, u B JaJbHEHNIIEM HCII0/Ib30-
BaTh 3TOT [IapaMeTp OJIs OLleHKHU JHU3JIeKTPUULCKHUX
IIOCTOSSHHBIX U TOJILIMH APYTUX IIJIeHOK. Ellle ogHO
Ba’kKHOe HallpaBJIeHHe HCII0/1b30BaHHI CMM - U3y~
YyeHHe HOBBIX MaTepHaJIOB, B YaCTHOCTH, I'padeHa.

TakuM obpa3om, coueTaHHe YHHUBEPCATBHOCTHU
U TOYHOCTU HU3MepeHHUU jenaeT CMM HCKIIOUU-
TeJIPHO MIePCIeKTUBHBIM METOAOM B CAMBIX Pa3sHBIX
06/1aCTIX UCCIIeJOBAHUH.
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the layers dubbed "undoped" a layer of highly doped
material was grown. Both materials have little dC/
dv signal and show dark. Due to diffusion of carriers
from the doped into the undoped layers a low density
of carriers is present at the boundaries between the
doped/undoped region and thus shows a high dC/dv
signal. The straight regular stripes indicate that the
film growth of these layers was regular and smooth.

Between the substrate and the smooth layers is
another region of doped material. This region was
unintentionally doped during the growth process.
In this region, there are one to three dark bands
meandering from left to right. The bands are highly
doped marker layers. They mark the position of the
growth surface at those times when dopant material
was introduced. In the unintentionally doped region
the doped layers show a strong fluctuation, indicating
arough surface during growth [6]. Furthermore, SMM
dopant density maps of larger regions (not shown
here) appear to support the assumption that inclined
surfaces are crucial for the growth of unintentionally
doped material [5].

ADDITIONAL SMM APPLICATIONS

Scanning microwave microscopy can be used on
metals, semiconductors, dielectric materials,
ferroelectric materials, insulators, and even biological
materials to measure a variety of properties associated
with slight variations in the electromagnetic
interactions of different components of a sample
with the incident microwave signal, either statically
or dynamically. SMM mode is capable of mapping a
material’s properties at a resolution ultimately limited
by the sharpness of the probe.

For instance, SMM can be utilized to study the
dielectric properties of organic thin films, including
self-assembled monolayers (SAMs) of organic
molecules. When carefully calibrated, SMM can detect
small capacitance differences across the organic film
in the attofarad range [7]. With the knowledge of the
film thickness from a material of known relative
dielectric constants, the effective contact area between
the tip and the sample can be estimated based on
established models. This estimate of the effective
contact area can then be applied to measure dielectric
constants or film thickness of other films, using the
same probe.

Another important area in which the use of SMM
mode is rapidly proving invaluable to researchers is
the study of novel materials such as graphene. The
outstanding versatility and precision of SMM can
be expected to provide great utility for many future
applications as well.
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