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MEASUREMENTS OF WORK FUNCTION OF PRISTINEAND CuI DOPED CARBON NANOTUBESA. A. Zhukov a*, V. K. Gartman a, D. N. Borisenko a, M. V. Chernysheva b, A. A. Eliseev baInstitute of Solid State Physis, Russian Aademy of Sienes142432, Chernogolovka, Mosow Region, RussiabM. V. Lomonosov Mosow State University119991, Mosow, RussiaReeived Marh 2, 2009We report the results on measurements of the work funtion of arbon nanotubes and arbon-nanotube-basedmaterials inluding pristine multi-walled and single-walled arbon nanotubes as well as single-walled arbon na-notubes interalated by CuI with the Kelvin probe tehnique. We found the work funtion value 4:97�4:98 eVfor pristine arbon nanotubes, while arbon nanotubes in�lled with CuI demonstrate the work funtion valuedereased by more than 0:1 eV (4:86�4:96 eV).PACS: 72.80.Rj, 73.21.Hb, 73.23.-b1. INTRODUCTIONThe disovery of arbon nanotubes [1℄ triggered in-reased interest in arbon-nanotube-based materials,motivated by their unique eletroni and mehanialproperties and suggesting their possible appliation ineletroni devies [2℄. It is generally aepted that allthe properties of arbon nanotubes strongly depend onthe tube diameter and hirality [3℄ and an be suess-fully in�uened by hemial modi�ation of the tubu-lar external surfae (e.g., deoration or oating) [4℄ ortheir internal hannels (e.g., interalation) [5, 6℄. Forexample, superondutivity was found in C60 fullerenedoped with Rb or Cs [7℄. Doping of arbon nan-otubes alternates not only the value of their ondu-tivity [8℄ but also their work funtion � [9℄. An essen-tial hange of positions of the ondutane and valenebands was also observed previously [5℄. Dereasing thevalue of the work funtion [9℄ with doping opens anadditional possibility for using arbon nanotubes aseletron emitters. In this paper, we present a set ofmeasurements of the work funtion for pristine multi-walled and single-walled arbon nanotubes as well asfor single-walled arbon nanotubes interalated by CuIwith Kelvin probe mirosopy. This tehnique was on-*E-mail: azhukov�issp.a.ru

�rmed to be an e�etive method to investigate ele-troni properties of the arbon nanotube and arbon-nanotube-based �eld-e�et transistors [10�13℄. We alsoompare nonontat Kelvin probe measurements withloal di�erential apaitane measurements (LCM).This paper is organized as follows. In Se. 2, wedesribe sample preparation, tube growth, and dopingproedures and give a detailed desription of sanningmethods we used; in Se. 3, we present experimentalresults and disussion; Se. 4 is a onlusion.2. EXPERIMENTAL DETAILSIn our experiment, we used a standard sili-on/silion oxide wafer. The thikness of SiO2 was1000 nm, and p-type doped silione substrate servedas a bak gate. On the surfae of SiO2, a Pd mesh wasformed by optial lithography.Multi-walled arbon nanotubes (MWCNTs) weregrown by eletri ar-disharge method desribed in[14℄. Single-walled arbon nanotubes (SWCNTs)were formed by atalyti ar-disharge method usinggraphite rods 0.8 m in diameter with Y/Ni powderatalyst at the 73.3 kPa helium pressure and the ur-rent 100�110 A [15℄. The SWCNTs were puri�ed bya multistage proedure onsisting in ontrollable oxy-genation in air and rinsing by HCl for atalyst removal[16℄. To form CuI interalated SWCNTs, the puri�ed362



ÆÝÒÔ, òîì 136, âûï. 2 (8), 2009 Measurements of work funtion of pristine : : :nanotubes with the SWCNT ontent of 86 wt.% andthe atalyst ontent of less than 0.1 wt.% were pre-opened by temperature treatment at 500 ÆC in dry airfor 0.5 h. The oxidized SWCNTs (0.025 g) were grindedwith 0.4 g of CuI (Aldrih, 99 wt.%) in agate mortar,vauumized at 10�5 mbar for 3 h, and sealed into aquartz ampoule. The sample was treated at 705 ÆC(100 ÆC above the melting point of CuI) for 6 h andslowly ooled (0.02 ÆC/min) to room temperature toindue better rystallization.The SWCNTs interalated by CuI have been in-vestigated using Raman spetrosopy [17℄ and high-resolution transmission eletron mirosopy [18℄. Itwas shown that RB (radial breathing) and G modesof the Raman spetrum of this material demonstratesstrengthening of C�C bonds due to harge transfer fromnanotube walls onto the interalated CuI nanorystal.This behavior is typial of aeptor-type impurities in-teralated into single-walled arbon nanotubes [19, 20℄.In [18℄, a omprehensive analysis of the struture ofone-dimensional CuI nanorystals in SWCNT hannelswas reported. It was onluded that CuI nanorystalgrew inside a SWCNT with either h001i or h1�10i rys-tallographi axes aligned along the SWCNT dependingon the hannel diameter.Dredge of arbon nanotubes were dispersed in iso-propanol with ultrasoni bath and then disposed onthe sample surfae. Photolithography and evapora-tion of metalli mesh were performed before the arbonnanotube deposition to prevent the possible in�ueneof residual photoresist/PMMA1) on the work funtionvalue of arbon nanotubes [21℄. Kelvin probe measure-ments on�rmed that work funtion values are the samefor two samples with SWCNTs and SWCNT bundlesmeasured at di�erent loations on the sample surfae.The omplete set of measurements was performed onone sample with MWCNTs, two samples with SWC-NTs and SWCNT bundles, and one sample with CuIinteralated SWCNTs and SWCNT bundles.We used three di�erent experimental tehniques:topography measurements, Kelvin probe measure-ments, and measurements of the di�erential apai-tane dC=dz, where z is the tip-to-surfae distane.In our measurements, we used a ommerially avai-lable sanning probe mirosope and antilever with adiamond oated tip2). Kelvin probe measurements [22℄were performed in the dual san mode. In the �rst san,topography information was obtained, and on the se-1) Polymethil metharylate.2) We used ommerially available sanning probe mirosopeSP-47 and DCP11 antilevers by NT-MDT.

ond san, the potential in the Kelvin probe mode wasmeasured. Kelvin probe measurement was performedas follows. An a voltage at the resonane frequeny ofthe antilever (f0) and a d voltage were applied to theondutive antilever and mehanial osillations of theantilever were deteted with a photodiode. A feedbaksignal was adjusted by the d voltage to maintain theamplitude of the antilever osillations equal to zero.The applied d voltage was reorded during the seondsan.In the Kelvin probe experiment, the di�erene inthe potential between the tip and the sample was mea-sured, and therefore an additional alibration of the ex-perimental setup was neessary; Pd ontats were usedas a material with the known work funtion. Measure-ments of the work funtion of arbon nanotube sam-ples were performed in air onditions. Before mea-surements, the samples were plaed on a hot plate(T = 110 ÆC) for 3 h to remove water from the sur-fae of arbon nanotubes. Values of the measured workfuntion with the Kelvin probe method on arbon nan-otubes were stable and reproduible for the next 6 h.Loal di�erential apaitane measurements werealso performed in a dual san mode [23℄. As in Kelvinprobe measurements, the �rst san gathered topogra-phy information and the seond san measured the a-paitane itself. During the seond san, the a signalf = f0=2 was applied to the ondutive antilever anda signal at the frequeny f0 was deteted with a pho-todiode and reorded. This signal is proportional tothe di�erential apaitane dC=dz and is independentof the di�erene of the d potential between the tip andthe sample.It was shown previously that nonontat a andd eletrostati fore measurements allow determiningthe ondutive eletron density and the potential dis-tribution in arbon nanotubes, identifying defets orinident hanges of the SWCNT hirality, or �ndinga position of the band gap [24℄. Figures 1b and 1learly demonstrate a possibility to use Kelvin probemeasurements to gather similar information. Nonon-tat a and d eletrostati fore measurements, as wellas Kelvin probe measurements, are atually based onthe fat that the fore of the tip-to-surfae interationis proportional to (dC=dz)(Vtip � Vsurf ). This valuean be extrated from the amplitude of mehanial os-illations of the antilever while atuation of osilla-tions and their detetion are done at f0 (Vtip and Vsurfare potentials of the tip of the mirosope and of thesurfae under investigation). Using LCM as a ounter-part measurement to extrat deviations of the dC=dzvalue, it is possible to make the surfae potential map-363
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mFig. 1. Topography of an MWCNT sample (a), an LCM san at VBG = 0 V (b), and images made with the Kelvin probetehnique at VBG = 0 V () and VBG = �5 V (d). The value of the work funtion of this arbon nanotube an be extratedfrom Fig. 1 and is equal to 4:95 eVping proedure more reliable. Previously, the value ofdC=dz was assumed to be onstant [24℄.The presene of the metalli mesh and bak gatereates an additional possibility of investigating theband struture of arbon nanotubes with the Kelvinprobe and LCM tehniques. To obtain better resolu-tion, the setup was tuned to minimize the tip-to-surfaedistane during the seond san, whih in some asesprodued an interferene signal in the Kelvin probe orLCM images originating from the topography of thesample (height steps). The preision of the extratedvalue of the work funtion is 0.01 eV.3. EXPERIMENTAL RESULTS ANDDISCUSSIONFirst, a set of measurements of the work funtionwas arried out on an MWCNT sample. Topogra-phy images were �rst reorded using the nonondutingantilever to �nd positions of nanotubes; then the an-

tilever was hanged to the ondutive one to performKelvin probe and LCM experiments. Sans were a-quired at di�erent bakgate voltages (VBG) in the rangefrom �10 V to 10 V in order to reveal the whole net ofarbon nanotubes. To measure the unbiased value ofthe work funtion, the applied bakgate voltage was ad-justed to minimize the in�uene of the SiO2 substrateon the potential of the tube.The topography image of an MWCNT is presentedin Fig 1a; the measured diameter of the tube is 12 nm.Figure 1b presents LCM of the nanotube at VBG = 0 V.Brighter regions orrespond to higher di�erential on-dutivity. It an be learly seen that the MWCNT hasa good ondutivity along the whole tube. The sameresult was obtained in the whole range of bakgate volt-ages from �10 V � VBG � 10 V. This indiates that atleast one metalli shell is present in the MWCNT un-der investigation. Figures 1 and 1d show experimentalKelvin probe sans at VBG = 0 V and VBG = �5 V364



ÆÝÒÔ, òîì 136, âûï. 2 (8), 2009 Measurements of work funtion of pristine : : :respetively. Kelvin probe mirosopy measurementsenabled us to extrat the value of the MWCNT workfuntion, � = 4:95 eV.The topography image of a pristine SWCNT sam-ple indiate the presene of both individual SWCNTswith typial diameters 2 nm and SWCNT bundles withdiameters 10 nm (Fig. 2a). A Kelvin probe measure-ment at VBG = 0 V (Fig. 2b) gives the values of thework funtion in the range 4:95 eV � � � 4:98 eVfor individual SWCNTs and 5:00 eV � � � 5:05 eVfor SWCNT bundles. Figure 2 demonstrates a Kelvinprobe measurement at VBG = �5 V. It is learly seenthat a part of the SWCNT disappears from the Kelvinprobe mirosopy image. This peuliarity obviouslyoriginates in a hange of the SWCNT hirality, whihessentially dereases its ondutivity at low bakgatevoltages. This peuliarity is also presented at an LCMsan (Fig. 2d) done at VBG = �10 V.Figures 3a and 3b represent the topography imageand Kelvin probe measurements at VBG = 0 V fora CuI-interalated SWCNT. The absolute ontrast inthe Kelvin probe mirosopy image, in onert withsample topography, allowed suggesting the presene ofthree types of SWCNTs haraterized by the work fun-tion values � � 5 eV, whih is harateristi of pris-tine SWCNT bundles (the dark-line low left orner inFig. 3b starts from (0 �m, 0 �m) to (1.8 �m, 1.8 �m));� � 4:97�4.98 eV, harateristi of individual SWC-NTs (extension from (1.8 �m, 1.8 �m) to (2.3 �m,2.3 �m)) of the dark-line low left orner in Fig. 3b withthe transformation from the SWCNT bundle to indi-vidual SWCNTs learly identi�able in the topographymapping piture in Fig. 3a; and � � 4:86�4.96 eV or-responding to CuI-interalated SWCNTs (bright urvesand spots in Fig. 3b). Figure 3 presents an LCM sanat VGB = 0 V. The ondutivity of the whole net ofnanotubes is learly visible and interalation of CuIdoes not result in an essential derease in the ondu-tivity in doped SWCNTs.The obtained experimental values of the work fun-tion of SWCNTs and MWCNTs (4.95�4.98 eV) are sim-ilar to and slightly lower than the values of the workfuntion of SWCNT bundles (5.00�5.05 eV). This isin qualitative agreement with theoretial preditions inRef. [25℄.The inrease in the work funtion in tube bundlesan be understood if the intertube Van der Waals in-terations are taken into aount [26℄. Our experimen-tal data do not demonstrate a signi�ant variation ofthe work funtion values measured on pristine nan-otubes, whih is in ontradition to other experimentaldata suh as �eld-emission spetra [27; 28℄. But our

data are quite similar to seondary-eletron photoe-mission eletron mirosopy results that demonstratedthat nearly 90% of the work funtions of SWCNTsand SWCNT bundles are distributed within an energyrange of 0.2 eV [29℄. Although the work funtion anbe estimated from the �eld emission spetra based onthe Fowler�Nordheim model, the results are not reli-able due to the unertainty in the loal geometry ofnanotubes [30℄. Intuitively, the deviation of the workfuntion values on the tip of a arbon nanotube looksrather reasonable and many experimental papers insiston eletron emission from the tube tips [27℄. However,we did not observe signi�ant deviations of the workfuntion on the tips for all kinds of pristine arbon nan-otubes in our experiments, whih is in good agreementwith the seondary-eletron photoemission eletron mi-rosopy data mentioned above [29℄.In Ref. [31℄, measurements of the work funtionwere performed on MWCNTs. The obtained work fun-tion values distributed within an energy range of 0.8 eVare split into two groups, � = 4:6�4.8 eV assoiatedwith metalli outer-shell MWCNTs and � = 5:6 eVsemionduting outer-shell MWCNTs. No signi�antdi�erene in the values of the work funtion betweenmetalli and semionduting SWCNTs was observedin our experiment (see Fig. 2b). The measured workfuntion value 4.95 eV of an MWCNT with metallibehavior (see Fig. 1) is quite lose to the previouslymeasured values [31℄.An appliation of Kelvin probe mirosopy om-bined with LCM measurements for investigation ofCuI-interalated SWCNTs demonstrates an essentialvariation of the work funtion value along the CuI-interalated SWCNTs (see Fig. 3b). This resultan be explained by peuliarities of the strutureof the one-dimensional CuI nanorystal inside anSWCNT [18℄. As mentioned above, CuI is an aeptor-type dopant [17℄ and the amount of rearranged hargemight depend on the CuI nanorystal struture, whihis not uniquely de�ned in the SWCNT hannel. As aresult, the value of the measured work funtion mustvary as well (see Fig. 3b). We note that the lengthof a CuI-interalated SWCNT with a onstant workfuntion (and probably with a single rystal of CuI in-side) may exeed one miron and is long enough forpossible preparation of a quantum dot with eletron-beam lithography. Figure 3 shows that reorganizationof CuI rystal inside an SWCNT does not essentiallyhange the ondutivity of the SWCNT interalated byCuI at room temperature. To reveal this in�uene, ad-ditional experiments in ryogeni onditions must beperformed.365
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