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Investigation of the structure of a semiconductor laser diode and the spatial
structure of its radiation by Scanning Near-field Optical Microscopy (SNOM)
and Atomic Force Microscopy (AFM)
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The correlation between the structure of the InGaAs/GaAs semiconductor laser di-
odes (LDs) with InGaAs quantum wells (QWs) and the spatial structure of the LD radia-
tion was investigated by Scanning Near-field Optical Microscopy (SNOM) and cross-
sectional Atomic Force Microscopy (AFM). To reveal the LD structure selective chemi-
cal etching (enchant with higher etching rate for GaAs and lower one for InGaP and
InGaAs) was applied. The AFM scans revealed the geometry of the LD structure includ-
ing InGaP confinement waveguide layers and InGaAs QWs with the spacer layers be-
tween them. The spatial structure of radiation was recorded by SNOM in the collection
mode. On the topographic image acquired simultaneously the waveguide layers was re-
vealed. Comparing the topographic images obtained by SNOM and AFM allowed asso-
ciating the spatial structure of radiation with the LD structure, in particular, the position
of the QWs relative to the emitting mode profile was identified.

1. Introduction

Investigation of the semiconductor laser diodes (LDs) is an important application of
Scanning Near-field Optical Microscopy (SNOM) [1,2]. SNOM allows recording a map
of LD emission intensity /(x,y) with spatial resolution essentially beyond the diffraction
limit (down to 50 nm) [3].

Recently the problem of the two-frequency LDs [4] set up a new challenge to SNOM
technique. Along with the cascade lasers, such devices are considered as source of middle
and far infrared (IR) radiation at the differential frequency of two modes with close fre-
quencies in near IR band. The basic problem of such devices is phase matching between
the two modes. It was shown that phase matching is unfeasible when both modes are the
ground ones. To solve this problem a LD with two quantum wells (QWs), one of which
generates in the ground mode and the other one — in the second order mode was proposed
[5]. It was shown, that phase matching is possible in this case.

For implementation of this design, one needs to align the spatial positions of the
QWs relative to the waveguide layers and to the knots and maxima of the corresponding
modes. Therefore, a technique, which allows to measure the mode profile, the LD struc-
ture and to associate them with each other, is necessary. It was shown that cross-sectional
Atomic Force Microscopy (X-AFM) allows resolving the QWs and the waveguide layers
on the cleaved LD structure [6]. On the other hand, though SNOM is able to resolve the
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mode profile, it still remains a problem to associate the measured mode profile with the
LD structure, since the topographic resolution of SNOM is too poor to resolve the QWs.

2. Experiment

In this work, we employed selective chemical etching to convert the difference in the
chemical composition of the waveguide layers and QWs in a InGaP/GaAs/InGaAs LD
structure into the surface relief detectable by SNOM.

The GaAs based LD structure with Iny 53Gag 4,P confining waveguide layers and two
8 nm Ing,GaggAs QWs was growth by Atmospheric Pressure Metal Organic Vapor Phase
Epitaxy (AP-MOVPE) in Laboratory of Epitaxial Technology, Physical-Technical Re-
search Institute (PTRI) of NNSU by Dr. B.N.Zvonkov. The schematic of the LD structure
is shown in Fig.lc.

The multimode LDs with strip width 100
pm made from them had the emission wave-
length 1.03 pm (300K). No antireflection coat-
ing was deposited on the front facet in order to
allow etching of this one. The selective wet § L .
etchant (0.8M Kj [Fe(CN)g] in 0.3M KOH): £ W
H,O mixed with glycerin 1:1) has higher etch- R e
ing rate for GaAs (~1 nm/min, calibrated by
etching a sep on bulk GaAs epitaxial layer, the oW
step height was measured by AFM) and lower ¢
one for InGaP and InGaAs. The LDs were sub-
merged in the etchant for 1 min and then 1 23 4 5
flashed in distilled water. It should be stressed Fig. 1.

here that the LDs still generate after etching. X-AFM image (@) and line profile (b) of the
Then the etched facets were investigated by
TopoMetrix Accurex AFM in the contact

etched front LD facet; ¢ - schematic of the LD
structure: 1,5 — InGaP waveguide confining layers
(500 nm), 2,4 — GaAs waveguide layers (300 nm),
3 — GaAs spacer between the QWs(80 nm).

mode.

Fig.1 presents an AFM image and line profile of an etched front LD facet. All layers
of the structure are resolved clearly, including the QWs and the spacer between them. The
smoothing of the profile can be explained by the etching edge effects as well as by the
convolution artifacts (the V-shaped Si;N,4 cantilevers with the pyramidal probes with the
tip radius R=50 nm and aspect ratio 1:1 were used). The SNOM experiments in the collec-
tion mode were carried out using TopoMetrix Aurora SNOM with homemade tuning fork
sensor [7].

Special probes for 1 pm band were designed and made in Institute for Physics of Mi-
crostructures, Russian Academy of Sciences (IPM RAS) in the group by Dr.
V.F.Dryakhlushin using the wet etching technique [8]. The SNOM signal was collected
by lock-on technique with modulated LD power supply using a Si photodiode.
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3. Results and discussions

Fig.2 presents the topographic (a) and near-field (b) images of the etched LD. The
inhomogeneity of the SNOM picture edges were attributed time instability of the LD op-
eration. Because of bold SNOM tip (we estimated the probe tip radius to be ~1 um using a
test sample made in the group by Dr. V.F.Dryakhlushin, [IPM RAS) we were not able to
resolve the QWs. However, the topographic resolution of SNOM was enough to resolve a
grove remaining in the place of etched away GaAs waveguide layers. Having aligned the
SNOM topography profile (Fig.3a, curve 1) with the one obtained by AFM (curve 2), we
associated the LD emission mode profile (curve 3) with the LD structure, in particular,
with the position of the QWs inside the waveguide.
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Fig.2.
Topography (a) and near-field image (b) of the etched LD.

Notable features of the mode profile measured on the etched LD facet are the side
peaks. No such peaks were observed in the mode profile measured on the non-etched LD
(curve 4). Similar featured are present in the directional diagrams of the etched and non-
etched LDs (Fig.3b, curves 1 and 2, respectively). This allowed us to conclude that these
side peaks are not related to the artifacts of the SNOM measurement and should be attrib-
uted to diffraction on the edges of the etched InGaP waveguide layers.
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Fig.3.
a — Topography and mode profiles of a LD: 1 — SNOM topography profile, 2 — AFM topography profile, 3 —
SNOM mode profile of an etched LD, 4 — SNOM mode profile of a non- etched LD. b— far field directional
diagram of an etched (1) and non-etched (2) LD.
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WccnepoBaHue CTPYKTYpbl NONyNnpoBOAHMKOBONO flasepa u
NPOCTPAHCTBEHHOWN CTPYKTYpPbl €ro U3Nly4eHus Mmetoaamm 6nvKHenonbLHoOu
CKaHupyloLern onTu4yeckon mukpockonuu u (6COM) n atToMHo-cunoBom
Mukpockonuu (ACM)

J1.0.®unaroe’, I'.A.Maxcumos', B.IL.Mumkun®,B.B.JIeBuuen”

Hayuno-Obpaszosamenvruiii yenmp « Dusuxa meépoomenvhuix Hanocmpykmypy (HOL]
@THC) HHI'Y. 603950, Poccus, H.Hogzopoo, npocnexm I'acapuna 23, kopnyc 2
(spm.unn.ru)

Metonamu OIIDKHETIONBHOU CKaHHpYIOMmeH onTrueckoit Mukpockormuu (bCOM) u
aTOMHO-CHII0BOI Mukpockonuu (ACM) Ha HONepevHbIX cpe3ax HCCIeoBalach CBs3b
CTPYKTYPBI IOJIYIPOBOJTHUKOBBIX J1a3epoB Ha ocHOBe InGaP/GaAs ¢ KBaHTOBBIMH sIMa-
M (K1) InGaAs 1 mpocTpaHCTBEHHOH CTPYKTYpPHI 1a3epHOTO H3TydeHus. [{is BEIIBIIe-
HUS CTPYKTYPBI JIa3epa MPUMEHSIICS METOJ| CEJIEKTUBHOrO 10 In XMMHUYeCKOro Tpasie-
HUS (TpaBUTENb C BBICOKOH CKOpOCThIO TpaBieHuss — GaAs u Huskoi — InGaP u
InGaAs). Ha ACM ckaHax mposiBIIsieTcsl TeOMETPHS CTPYKTYPHI Jla3epa, BKIIIoYast orpa-
HU4MBatone BosiHoBoaHbIe cion InGaP u K5 InGaAs co crieficepHbIMH CIIOSIMH MEX-
ny Humu. Meronqom BCOM Obiia nosy4yeHa mpoCTpaHCTBEHHAs! CTPYKTypa U3JIydeHHs.
H3y9aeMoro jasepa U CTPYKTypa Jasepa, IJie IPOCIeKUBAIOTCS TOIBKO BOJTHOBOIHEIE
CJIOH, YTO OOBSICHASTCS OONBIINM PaJIilycOM 3aKpyIJIeHHs 30H/a 1o cpaBHeHnio ¢ ACM
30HI0M. Ha 0CHOBE MOJTy4eHHBIX JaHHBIX OCYLIECTBIIIM IIPUBS3KY IPOGUIS TeOMETPUH
MOJTYIPOBOAHUKOBON CTPYKTYPHI K HPOGHIIO CTPYKTYpHl H3IydYECHHs, B YaCTHOCTH,
MIPOCTPAaHCTBEHHOTO MOJI0KeHHsT K5I 0THOCHTENEHO MakCHMyMa IPOGHIIST MOJIBL.

1. Beeoenue

HccnenoBaHue MOJIYIIPOBOJHHUKOBEIX JIa3epHBIX OuonoB (JIJI) sBisieTcss Ba)KHBIM
npuwioxkeareM bCOM [1,2]. BCOM mo3BosseT 3anuchiBaTh KapTy HHTEHCUBHOCTH [ (X,))
n3nydenus JIJ{ ¢ mpocTpaHCTBEHHBIM paspenieHueM 10 50 HM U HUXe, T.€. CYLIECTBEHHO
MIPEeBOCXOAAIIMM AnpakuuoHHbIN mpenen [3]. B mocinennee Bpems npobiema aByxdac-
toTHBIX JI/I [4] mocTaBmia HOBYyIO 3amady ainsi BCOM. Hapsny ¢ kackaaHBIMU JTa3epaMu
Takue NMpUOOPHI CUUTAIOTCS MEPCIIEKTUBHBIMH MCTOYHUKAMH CPETHEr0 M NANbHEro WH-
¢paxpacunoro (MK) m3mydeHus, reHepHpyeMOro Ha pa3sHOCTHOH 4YacTOTe IBYX MOJI C
OJIM3KUMH YacTOTaMH, JexamuMmu B nuana3zone Ommxaero UK. OcHoBHOW mpobiemoit
TaKuX NMpuOOPOB SIBISIETCS coriacoBaHue (a3 Mexay MoiaMmu. Bbuio mokasaHo, 4To co-
IJIaCOBaHHE HEBO3MOXKHO, KOTa 00 MOJBI SIBJISIOTCS OCHOBHBIMH. [IJIsl pelIeHHs STOi
npo6iemMsl 6b1 peasioxked JIJI ¢ nByms kBanToBBIMH siMamu (KSI), oqHa u3 KOTOpHIX re-
HEpUpYET B OCHOBHOHM Moze apyras — B MOZAE BTOporo nopsiaka [5]. beuio mokasano, uro
B 3TOM CITy4Yae COTJIaCOBAaHHE (pa3bl BOZMOXKHO.

Jlnst ocymmiecTBIeHHsI JaHHOM KOHCTPYKIMH HEOOXOAMMO TOYHOE COBMEIIEHHE I0-
noxennst K5 B BorHOBOZE U y3JI0B M MAKCHMYMOB COOTBETCTBYIONMX MoJ. I[TosTomy He-
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00X0IMa METONKA, KOTOpast TO3BOJIHMIA ObI H3MEPSITh 00€ YKa3aHHbBIC BEIUIHHBI U CBS-
3BIBaTh UX JPYT C APyroM. BpliIo moka3aHo, 9TO METO]] AaTOMHO-CHIIOBOH MHKPOCKOIINH Ha
ckone JIJI ctpykryp no3sonser paspemars KA u BonnoBonusie ciou [6]. C apyroii cro-
POHBI, He cMOTps Ha TO, 4T0 MeTo] BCOM 1o3BONSET PerncTpUpoBaTh MPOGUIL MOJBI
H3JTy4eHHs], HEpEeIIeHHOI ocTaéTcs pobiieMa yCTaHOBJIEHUS IPOCTPAHCTBEHHOM IpUBSI3-
KH M3MepeHHOro npoduis K cTpykrype JIJI, mockonbky Tonorpaduyeckoe paspeiieHue
BCOM wnenocrarouno ais unentuduxammun K.

B nanHoit paboTe MBI IPHMEHUIIN CETEKTHBHOE XUMHUIECKOE TPaBIEHHUE Ul MPeod-
pazoBaHMsl pa3IMYMM B XMMHMYECKOM COCTaB€ BOJHOBOAHBIX ciloéB u KA B
InGaAs/GaAs/InGaAs ctpykrype JIJ| B mOBepXHOCTHBINH peibed), TOCTATOUYHO Pa3BUTHII
i pazpemenus merogom BCOM.

2. Dxcnepumenm

JIA ctpykrypa Ha ocHoBe GaAs ¢ OrpaHHYMBAIOLUIMMU BOJHOBOTHBIMH CIOSMH
Ing 49Gag 5P 1 nByms Ing,GaggAs K5 Tonmmmuol 8 HM ObLIa BEIpaImeHa METOIOM Ta3o0-
¢aznoit MOC-ruapuIHOH S1HUTaKCUH IPH aTMOc(hepHOM JaBieHnu B JlaGopaTtopuu s1u-
TaKCHAJILHOW TexHoyornu, HaydHo-ncciaenoBaTenbckoro Gpu3NKO-TeXHHYECKOro WHCTH-
tyra (HUOTU) HHI'Y b.H.3BoHKOBEIM. Cxema cTpykTyps! JI/| oka3ana Ha pucyHke lc.
Msuoromonossie JI/I ¢ mupuHoit noiocka 100 MKM, HU3rOTOBJIEHHbIE U3 HUX, HMENIU [UIU-
Hy BoaHbl u3nydenus 1,03 mxm (300 K). IlpocBemsiomiee MOKPHITHE HA IEPEIHIONO
rpasb JIJ] He HaHOCcHIOCH. Mcions3oBancs cenekTuBHEIN 10 In Tpasurens (0,8M pactBop
K;3[Fe(CN)g] 8 0,3M KOH):H,0 B cmecu ¢ rauuepuHoM B nponopuuu 1:1, oH uMen BbI-
COKyI0 cKopocTh TpaBieHUs GaAs (~1 am/mMuH) u HEU3KYI0 — InGaP u InGaAs. JI/I mo-
Tpy’Kalnch B TPABUTENb HA | MUH M 3aTeM OIOJIACKUBAINCH B JUCTHIIMNPOBAHHON BOJE.
Cremyer OTMETHTh, YTO W mociie TpasieHus JIJI mponomkanu reHepupoBarh. Tomorpa-
¢ust moBepxHOCTH TpaBiEHBIX 3epkain JIJ| m3mepsimace Ha ACM TopoMetrix Accurex B
KOHTakTHOM pexkume. Ha puc.1 npeacrasnenst ACM uzo0pakeHue u npoduiib Tpapié-
Holi nepenHeit rpanu JIJI. Bee ciou cTpykTypsl paspeniensl, Bkiatouast K5I u cnelicepHslii
cioil Mexxay HuUMH. CriiakuBaHue NPOQHIS MOXKHO OOBSCHUTH KpaeBbIMHU d(dexTamu
TpaBleHHUs, a TakxKe PPEKTOM KOHBOJIIOUUH (HCHONB30BaNUCh V — obpasubie SisNy kaH-
THJICBHPHI ¢ MTIPAMUJATIBHBIME 30HAAMH C PagnycoM 3akpyriaeHus R = 50 HM n oTHOmIE-
HueM acnekrta 1:1). BCOM skcriepuMeHTHl B peXXHMe COOMPaHUs U3ITyUCHHS 30HIOM ObI-
JIM BHITIOJTHEHBI Ha ycTaHoBKe TopoMetrix Aurora, OCHAIIEHHO ITbe30KBapIEBBIM CEHCO-
poM (Tuning Fork [7]) cob6cTBenHOM KOHCTpYKIUK. CrienuaibHBIE 30HBI U OJMKHETO
UK nmuanasona (~1 pm) 6611m pa3paboTaHbl U H3TOTOBIICHB! B MIHCTUTYTE (PU3HKH MHUKpPO-
cTpyktyp Poccuiickoii akagemun nayk (MOM PAH) rpymmoit B.®.dpsaxiaymuina mero-
oM xumuueckoro TpasieHus [8]. BCOM curnan peructpupoBaics Si GOTOIHOAOM MO
CENIEKTUBHOW METOJIMKE C CHHXPOHHBIM JIETEKTHPOBAHUEM (C HMCIIOJIb30BAaHUEM MOJYJIH-
pOBaHHOTO HCTOYHUKA nuTanus JIJI).
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3. Pesynvmamul u oocyszcoenue

Ha puc.2 npexacrasnenst Tonorpadus (a) u OmmkHenospHoe (0) n300paxxeHne Tpas-
nénoit mepenneir rpanu JIJI. Heomnopomnocts kpaéB BCOM wmsmywaromiedd amepTypbl
0OBSICHACTCS BPEMEHHOW HECTaOMIBHOCTBIO MOIIHOCTH u3nyueHus JI/I. Bcmeacteue
6ompmioro pagmyca R 3akpyrinenns konunka BCOM—30Ha2 (110 OLICHKE, MPOU3BEACHHOMN
[0 pe3yjbTaTaM CKaHHUPOBAaHUS TECTOBOrO 00pasla, W3TOTOBIEHHOIO T'PYMHOI
B.® psxiaymmna, UOM PAH, paxuyc 3akpyriaenus cocrasisut ~1 pm) Kf ma Tonorpa-
(buueckoM H300paxkeHUH He paspemarorca. Tem He MeHee, Tonorpaduyeckoe pasperie-
Hue BCOM oka3ajioch 10CTaTOUHBIM [UIsL pa3pelIeHus yriryOIeHusl, OCTArOIIEerocs B Mec-
T€ BBITPABJICHHBIX BOJIHOBOIHBIX clI0€B GaAs. CoBmenieHueM npoduist Tonorpaduu, mo-
nyyenHoro merogqoM bCOM (puc.3a, kpuBas 1), ¢ npodunem, MOIyYEHHBIM METOIOM
ACM (xpuBast 2), ObUIa OCYIIECTBIICHA MPUBSA3KA MPOQHiIst Moabl m3mydenus JIJ{ (kpuBas
3) x cTpyktype JIJI, B 4aCTHOCTH, U3 MOITYyYCHHBIX JAHHBIX MOXKHO OIIPEAEIUTH MOJOXKE-
HHE KBAaHTOBBIX SIM OTHOCHTEIIBHO MAaKCUMyMa MOJIbI BOJTHOBO/IA.

CremyeT OTMETHTH IOSBICHHE OOKOBBIX IMKOB NMPO(MIIST MOIBI U3IIydEeHHS, H3Me-
peHHoro Ha TpasiéHo# noBepxHoctH JIJI (puc.3a, xpusas 3). Takux nUKOB He HaOIIOA-
JIOCh Ha Tpoduiie MoAbl u3inydeHus Ha HerpaieHHoM JIJ[ (xpuBas 4). [TogoGHbIE oco-
6EeHHOCTH HAOJIIOIAIOTCS ¥ HA JUarpaMMe HaIrpaBICHHOCTH TPABIEHHOTO U HETPaBIEHHO-
ro JIJI B nansHem none (puc.3b, kpuBble 1 1 2, COOTBETCTBEHHO). DTO IO3BOJISIET 3aKIIIO-
YHUTh, YTO OOKOBBIE MHUKU HE CBs3aHHI ¢ apredakramu bCOM—u3MepeHnii, a CBSI3aHbI C
nudpaknueil Ha Kpasx TpaBieHHbIX InGaP BOTHOBOIHBIX CIOEB.

Jlannas pabora Obuta yacTH4HO mojuep:xkana nporpammoid HATO “Hayka mis Mu-
pa” (SfP-973799) n nporpammoii “DyHnamenTaIbHbIE HCCIen0BaHus U Beicmee o6pa3o-
BaHMe”, pUHAHCHpyeMOi coBMecTHO MuHHcTepcTBOM 00pa3zoBanus PO u donmom rpa-
xaanckux uccnenoanuii u paputus CIIA (CRDF), [Ipoekt Ne REC-NN-001. ABTops!
OnaromapsT COTpyIHHMKOB (akyibreTa M mnepcoHan JlabopaTopun SMUTaKCHAIBHOH TeX-
Honorun (HU®TU HHI'Y), ocobenno b.H.3BonkoBa n C.M.HekopkuHa, 3a npemocras-
JIEHHBIE JUIsl UCCIIEZIOBAHUS Ja3epHBIE JHOIBI M 3a MeToandeckue ykasanus; B.D.Jlpsx-
nymmHa, B.B.PoroBa, m A.lI0.Kimmmoa (M®M PAH) 3a mpenoctaBnenasie bCOM-—
30HIBI M TecTOBBle oOpasmsl; mpod. B.A.IlepeBommkoBa u A.B.3moposeiimesa,
Ouznuecknit Gpaxynsrer HHI'Y, 3a momorms npu Beibope cexekTuBHOro Tpasuresst. Oco-
60 Gmarogapum npod. B.JO. Anémxuny (MM PAH), 4bn unen cTUMyIHpOBaIH HaIuca-
HUE 3TOI paboTHI.
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