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Bimolecular recombination on carbon nanotubes
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By using a suspension of single-walled carbon nanotubes in an applied electric field and measuring transient
photoinduced currents the problem of contacting nanotubes in charge transport studies is circumvented; basic
electronic transport properties are thus studied. It is observed that the peak photocurrent excited by a mode-
locked laser pulse has a sublinear dependence on light intensity. Careful measurement of these phototransients
has allowed a fit of the intensity dependence of the peak photocurrent to a bimolecular recombination model
developed for the one-dimensional semiconductor that the nanotubes represent. Application of the model
allows the determination of some microscopic transport properties. This has been done as concentration,
electric field and excitation wavelength are varied.
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[. INTRODUCTION ameter of 1.4+0.2 nm. Their length is ill defined but the

. - longest are in the order of microns in length. They are ini-
i t;— dhz dIr?acacivféglocff?2{gfegtni?1nt%tg:ee?ng¥eﬁggIicr)w lém_eca Otially dispersed in water, using the surfactant sodium dodecyl
9 eUIphate(SD$ in order to break up the SWNT ropes. They

; S
that followed. Excitement has been generated by the pOte%ire then dried and suspended in an electrically and optically
inert hydrocarbon oil supplied by Brookfield as a viscosity

tial to use these novel materials in the emerging field o
nanoelectronics. Since the creation of single walled carbon ; .
nanotubegSWNT's) and their reliable production in 1993, standard(standard No. B20Q0using a sonic probe to ho

experimentalists have worked hard to verify the many nove[nogenize the suspension.
properties of these one-dimensioiaD) materials that have The experiment is performed by holding the suspension of

: : . SWNT’s in a 50Q) coaxial cell connected to a voltage supply
been predicted by theorists such as the formation of a Lut: S . A
tinger liquic® and ballistic conductiof.In this study we are and to a 3 or 5 GHaligitizing oscilloscopeDSO) via high

frequency 5() cables and a 50! load resistor at the DSO.

gtesra.;t\le_(rj’;nal;rédﬁ;séta:dtglcghmeueelec:(rg/?(;%tsrlanjg\%tlgrgge;trl]?e whole system forms an integrated 8D architecture
que p y P hich reduces signal distortidnA 25 ps laser pulse at 1064

described by usto study transient photocurrents induced ON 1 from a mode-locked Nd:YAG laser has been used to
a suspension of such nanotubes. Such studies of photocop:

2t : Iy ; excite the SWNT suspension in the coaxial cell via a quartz
pluctlvrcy on SWNT's are surprisingly rare. Previous wo_rk rod introduced into the cell. Also used sva 6 ndaser pulse
e o i oCon Ll 1 PhEIOSC o an optical parametnc oSGISISIOPO when wave

P P P length variation was required. The light pulse excites

6.7 . ) i~
I:Iorgson aSIWSTWILtETr&easurements of the effect of illumina electron-hole pairs across the energy gap of the semiconduct-
' ing nanotubes and the carriers separate in the applied electric

in f;-rrr]: daf)::)arln n%oeb;!tg}grhé);tga;??rrasn(s)goﬁt\j/\lljtlt; icgac?nbg\e/\?N ield. The charge separation and subsequent drift gives rise to
transient photocurrent which induces a displacement cur-

fllgédcr?gsﬁtl ;[";‘QS'Stor FET's and found to be as high 3Srent in the external circuit displayed as a voltage across the

50 Q) input resistance of the DSO. The inner electrodes of the

We add significantly to the understanding of tranSIer‘tcoaxial cell were 5.2 mm in diameter with a variable gap,

p_hotoconductmty in the_ present work where we show thatof typically 1 mm between them that contained the nanotube
bimolecular recombination is an extremely effeptwe processéuspension. The tendency of the SWNT’s to align in a dc
on these 1D SWNT's. We present res_ults sr_]owmg the depe lectric field forming filaments over time would lead to short
dence of the photocurrents on light intensity on suspende ircuiting of the cell. Therefore the high voltage of up to 3
comparatively isolated nanotubé®hen compared to the KV was applied as a.voltage step of @@ duration. The light
films heretofore studied by othgrae show that the peak ulse was timed to arrive 10s after the applica.tion of the
photocurrent after a 25 ps laser pulse increases SUb”near\B’oltage step. The geometry and experimental arrangement
with light intensity. This sublinearity is modeled in terms of have been déscribed in greater detail elsewhere

bimolecular recombination and the experimental results are '

fitted to the model leading to the retrieval of a number of

microscopic parameters. lll. RESULTS

Figure 1 shows a typical transient photocurrent generated
on a suspension of nanotubes of concentrat@+1.12

The nanotubes used were synthesized by the arc dischargel02 by weight fraction in oil. The dependence of the peak
method and were obtained from Carbolex. They have a diphotocurrent on the number of photons absorbed is shown in

Il. EXPERIMENT
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FIG. 1. A typical photocurrent transient generated in a SWNT

suspension by the 25 ps, 1064 nm laser pulse from a ND:YAG laser FIG. 3. Dependence of the peak photocurrent on the number of

and displayedwa 5 GHz DSO. The applied field was 2.7 MVt photons incident on the sample as the nanotube weight fraction is
varied. @, C;=3.0x10% A, C;=1.61x10% ¢, C;=0.81

Fig. 2 for a series of applied electric fields. The dependencé 10 The applied field was 2.7 MV .

is found to be sublinear at all fields. The data was obtained

using a 25 ps light pulse at 1064 nm from a mode-lockedsituation depicted in Fig. 5. Figurdd cartoons the creation

Nd:YAG laser. By measuring the transmission of the lasemnf one photogenerated electron-hole pair on a nanotube. The

light through a 2 mmoptical cell containing nanotubes in nanotube of lengti. is suspended with its axis in general

suspension, the fraction of absorbed photons was found asmaking some arbitrary angle with the electric field. We as-

function of nanotube concentration to be sume here that the angle is 0 deg. One end of the tube is at
x=0 and the other at=L and the pair is created gatx,. The
Non _ 1430% Cy, (1)  electron moves towards=L and the hole towards=0, both

0 stopping at the nanotube ends. It is easy to show from elec-

(Ref. 4 whereCy is the nanotube concentration as a Weight.trost"’ltiCS that the hole with charge foving a distance,

fraction, Ny is the number of photons incident ahg, is the induces a charge

number of photons absorbed. Equatidn has been used in Xy

Fig. 2 to find the number of photons absorbed. Qn=+ 5 (29)
Similar results to those of Fig. 2 were obtained in a series

of experiments where the concentration was varied, as showsind the electron induces a charge

in Fig. 3.

Using an OPO wh a 6 nspulse the light intensity depen- Q.= + | (2b)
dence of the peak photocurrent was established at a series of ¢ D’
wavelengths in the near-infrared. These results are shown in d h | ch induced i
Fig. 4. and, so, the total charge induced is
IV. RECOMBINATION MODEL Q=Qe+n= *ey. (20)

The sublinearity found in Figs. 2—4 strongly suggests thain Egs. (2a—2d), D is the interelectrode separation. Now
bimolecular recombination is playing a role in limiting the consider the situation in Fig.(B) when a higher light inten-
magnitude of the photocurrent. Previous workdrave seen sity is used to generate two carrier pairs on one nanotube at
this effect in nanotube films but have not attempted a seriougositionsx; andx,. Suppose that the probability of bimolecu-
explanation. In order to model this behavior we consider the
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FIG. 4. Dependence of the peak photocurrent on the number of

FIG. 2. Dependence of the peak photocurrent on the number gihotons incident on the sample shown as the excitation wavelength
photons incident on the sample shown as the electric field is varieds varied.l, A=1700 nm; ¢, A=1600 nm; A, A=1300 nm. The
A E=268MVML B E=15MVm?’ ¢ E=1.0 MVm™ The applied field was 2.7 MV mt and the nanotube weight fraction was
sample weight fraction wa€=2.2x 1074 Cr=2.2x107%
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5‘ Pdx= n¢pdx, 3
Py > wherep is the probability of excitation per unit lengthy, is
e the probability of absorption leading to exciton formation,
( X L and¢ is the probability of dissociation of that exciton into an

electron-hole pair, a quantity that is often field dependent and
frequently described within the Onsager framework of ion

X dissociation/geminate recombinatitin.
@) N
h
e * P = ﬁptv (4)
«—0 @«&—3 T
i where N, is the number of absorbed photor; is the
.-;f o—> number of nanotubesithin the excitation volumeandL the
¢ ¢ average tube length or interdefect separation. The probability
{ X, X, X, L of no carrier pair within segmermix is then given by
—_— dPY =1 - n¢pdx. (5)
X
() The probability of there being no excitation on a tube is
therefore
FIG. 5. (a) A cartoon of a single electron-hole pair creation and 0_ L/dx —
separation in a SWNT suspended in an electric feldreated by P7= (1 = gpdx) == exd= nepL), (6)

two electrodes separated by a distaBcé\s the carriers separate to and the probability that a tube has one or more excitations is
the ends of the tube a char@eis induced in an external circuitb) L(]:{iven by

There are now two electron-hole pairs created on a single tube b
the same charg® is measured in the external circuit. PE=1-P°=[1-exd- n¢pL)]. (7)

lar recombination upon electron-hole encounter is unity an(gaCh oftth?sde tube_s W'tlh ar_'ﬁ/ nun:t_)srtof free ca_rtrle][ pﬁ'rf as
that this encounter occurs g somewhere betweexy and emonstrated previously will contribute one unit ot photo-

Xo. We find the total induced charge by addition of the con—gurre?t'P tf; tthe overzlltﬁeak S|gnta! |rtr§spect|ve of the num-
tributions of the four carriers as follows: er ot excitations and the current 1s then

Ip(Npn) =ipPF, (8)
_ Xp  Xg=Xp  Xp—=Xg L-% L where ip will depend on whether the electronic response
Q= +eD te D Te D Te D D (2d) time, 7., of the measurement system is greater than or less

than the lifetime of the photocurrent, i.e., whether we are in

charge(integrating or current measuring mode, respectively.
From the point of view of an experimentalist measuring the Bringing together Eqs4), (7), and(8) we have a depen-
photocharge/current induced in an external circuit as a resuftence of the photocurrent on photons absorbed of the form
of these two different microscopic events, the effect of the

creation of two pairs is identical to that of one pair and one Ip(Npp) = ipN[1 - exf— 7¢pL)]

of the two absorbed photons is effectively wasted if the prob- ) Noh

ability of bimolecular recombination upon encounter on the =ipNr| 1 —exg - 7o Ak 9
T

tube is unity. The result of Eq2d) can be extended straight-
forwardly for the general case of carrier pairs on a nano- |t has been previously demonstrated in similar experinfents
tube. More generally, when the tube is at an angk® the  that the response time,=150 ps(for 5 GHz DSQ and .
applied electric field, a distandg representing the projected =180 ps(for 3 GHz DSQ when the effect of the 50) co-
length of the tube in the field direction must be used in placexxial cell is included.

of L in Egs. (2a—<2d). For the ensemble of tubes we are  We findip for the two modes of detection.

using in these experiments the average projected length, (i) Current mode. In current mode the voltage on the

<LE>|’df0r a l:andollmb dlitrlbutlon of angles. mut;st be usbf‘. DSO will follow the photocurrent in real time. The photocur-
could equally well be the average separation between Shoclg . \vijl be the ratio of charge created to the carrier lifetime.

ley Read recombination centers or deep traps/defects on Fhe unit of peak photocurremer excitation per tubés then
nanotube. It is straight forward to show th@i-)=L/2 for P P e P

. o given by
the case of the random alignment distributi8n.
We may make this more quantitative by considering how . Ly
many tubes have one or more electron hole pairs as the light Ip= D’ (10
intensity is increased by considering the probabiRygx, of
carrier pair creation on any tube within a lengtk and the peak signal voltage is
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FIG. 6. Data similar to that of Fig. 2 fitted to Eql3) as FIG. 8. Data similar to that of Fig. 4 fitted to E(L3) as\ is

E is varied. ¢, E=2.68 MVm%, A, E=15MVmY, B, E  varied.l, A=1700 nm; ¢, A\=1600 nm;A, A=1300 nm.
=1.0 MVvm1

Le)R N l,=e——Nr (14
vp=IpR. = sl LNT|:1 - eXF(‘ 77¢_@)] (11 D 7
D'T NT
and
where the load resistd® =50 ) and 7(>7,) is the shorter &
of the laser pulse width or carrier lifetime on the tube. k=12 (15)
(ii) Integrating mode. Integrating mode, where,> 7, is Nr

the usual case in these experiments due to high axial electrg{y e peen extracted as a function of electric figd and
mobilities and the consequent short lifetime. When the,snotube concentratiod;. ’

Nd:YAG laser is used, the laser pulse width will also ensure

that this is the case. Here the photocurrent is integrated over () The results of Fig. 9 show thét, the value to which
the response time and a char@e:|p7, will determine the I» tends at high light intensity, is found to be linear in electric
measured voltage field. By comparing Eq(14) we see that this requires that

some quantity on the rhs is linear with electric field. This is

Q (Lo 1 Ny a surprising result as first examination would lead us to ex-
vp=I1pR = :R,_ = eF:R,_NT 1- exp(— 7;¢—Np—) . pect no dependence bf on electric field. Further consider-
e e T

ation leads us to the interesting speculation that the value of

(120 the average projected length of a nanotube in the electric
field direction,(Lg), increases in proportion to the electric

field. Because of the nature of SWNT'’s it is expected that

V. DISCUSSION they are highly polarisable. Calculations have borne this out,

. . ] metallic tubes being more so than semiconducting tubes, but
Figures 6-8 show the data of Figs. 2—4 fitted to B®  poth with high polarizabilitied? In these experiments the

recast as electric field has been on for 13 before the photocurrent is
excited. The results presented here, within the context of the
p_, _ _ recombination model, imply that this is enough time to par-
=lp=1[1 - exgd—kNyy]. 13 , . ' . . L .
R, p=1al H o] (13 tially align the nanotubes in the field direction thus increas-

ing (Lg). Such a mechanism is sufficient to explain a factor
The data show a good fit to the proposed model of bimolecuof two increase if., as the tubes go from random alignment
lar recombination. From the fits, values of the parameters to fully aligned. The results of Fig. 9, however, indicate that

at least a factor of 3 increase is needed. To achieve a greater

z 3.0
€25 —— 4.0
c
® 2.0
£ 301
815 =
210 £ 2.0
a \ R
5 0.5 —— 1.0 A
% 040 . ; .
0.0 1.0 20 3.0 0.0 ' ' ' ' ' !
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Electric Field (MVm™)
FIG. 7. Data similar to that of Fig. 3 fitted to E¢L3) asCy is
varied. M, C;=3.0x10% A, C;=1.61x10% ¢, C;=0.81 FIG. 9. The value of,, as a function of electric field found from
X 1074, the fits of Fig. 6.
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FIG. 10. The value ok as a function of electric field found from FIG. 11. The value of,, as a function of nanotube concentration
the fits of Fig. 6. found from the fits of Fig. 7A, E=2.68MVmY M, E

. . . . . =1.71MVm?; &, E=0.75 MV L
increase requires that light is preferentially absorbed by tubes

aligned perpendicular to the field direction when the field isy;iction of Eq.(15). The accurate variation &; is a difficult

low, thus giving a photoelectric effect that is much smalleri,qy 14 achieve and great care was taken to obtain the raw
than for the random cas@ll orientations absorbing with data, such as that of Fig. 3, from which the data of Figs. 7

equal probability. This would be the case if, for example, 11, and 12 are derived. We described earlier the technique

the laser I|ght was F’_O'a‘_”ze" to a large degree perpe_ndlculzﬂsed to get the nanotubes into suspension. The photoelectric
to the applied electric field and thus absorbed selectively b\éxperiments are then carried out within a couple of hours

t“b‘?s that are also perp_endicular to _the field. These tubgtre the initial homogeneity of the suspensions begins to
having a very smalLe) will give a negligible effect. As the degrade. However, we feel that any very small departures
tubes align with the electric field, the residual parallel polar-gom linearity as seen in Figs. 11 and 12 are explicable in

ization of the light becomes important as it is selectivelyierms of the difficulty in obtaining accurate concentrations
absorbed by tubes aligned parallel to the field. In this waygng we comment on them no further.

the effect of electric-field-induced alignment of the nano- 1, quantityN- is poorly known, however it is possible to
tubes may allow for a mechanism for giving an electric-field-gptain some numerical information regarding these experi-
dependent... The Nd:YAG laser is originally polarized per- ents and the model. Examination of Eqs4) and (15)
pendicular to the electric field direction. Before reaching thegicates that the quantity; may be cancelled by taking the
sample it is coupled into the sample cell by focusing into 8product kl..=e(7¢/ 7)((Le)/D). This will be linear in the
short 3 cm stub ba 2 mmdiameter quartz rod. This proce- o tric field and at a typical field E=2.68 MV nT! we
dure has been measured to have a negligible effect on the '\ "—1 1% 1017 A With a knowledge ofr,= 150 ps, the
polarization of the laser light which continues to be eﬁec'quantiotoy 2d(Le)=1.03% 10 m has been dgtermined. It is

tively polarized perpendicular to the applied electric field. common in photoconduction experiments to find that the

(i) The value ok, as shown in Fig. 10, is independent of uantum yield,n¢, is found in combination with the carrier
the electric field, demonstrating that the probability of carrierd yield.ne, : ! .
rangeS. In these experiments, if the carriers do not separate

pair s_eparatlongb, is independent of the_ e_Iectrlc field. Eor to the ends of the tube as assumed, but some distaonél
organic materials such as anthracene it is well establishe . X
they undergo deep trapping, we must repldte) in all

that the value of¢ is field dependerit® Indeed, for one- equations with the average carrier range projected onto the
dimensional ‘organic materials such as polymegs, is ield direction (Sz). The surprisingly small value for

strongly field dependent, being linear in field and tending to " : , — )
zero at zero applied fieltf;'5 The main reason for this field 7¢{(Se)~10""m may be reinterpreted in two limiting cases:
dependence is that these typically low mobility organic ma- (@) If we assume tha{Sg)=(Lg)=~10"°m, then the

terials form strongly bound molecular excitons that requireguantum yield of 10° is extremely small. Such a small value

an electric field to aid in the dissociation. That this is notfor the yield is difficult to understand in terms of strongly
found to be the case here is initially surprising but indicates

that these high mobility materials have more in common 8.0 7
with inorganic semiconductors such as silicon where
. . 6.0 -

strongly bound excitons are not produced as an initial pho- »
toexcitation event. Mao F

(iii) Figure 11 shows the variation of as a function of )
nanotube concentratiorGy, as the electric field is varied. 2.0
This may be compared with the prediction of E&y4) recall-
ing that hereN; refers to the number of nanotubes in the 0.0 ' ' ' ' '
excitation volume whose relation ©; may not be one of 0.0 05 10 15 2.0 25
exact proportionality. The expected riselgfwith Cy is nev- 10° x Cy (wt fraction)
ertheless found.

(iv) More interestingly, in Fig. 12, the variation & FIG. 12. The reciprocal ok as a function of nanotube concen-

with Cq is shown. This shows good agreement with the pretration found from the fits of Fig. 7.
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coupled electron-hole pairs in the absence of evidence d&ctive nanotubes and a consequently reduced range. To find
field assisted dissociation. the density of the defects requires an independent experiment
(b) The alternative limit would assume a quantumto measure the carrier yield. One experiment that suggests
yield of 1 and the value ofSz) would be 10 m. Again itself is to try and cut the nanotubes, using acids and ultras-
such a small value is unphysical and cannot be allowed. Fohication, into nanopipes of length, <S, when the carrier
the model that produced the number to be self-consistertenge would be identical to the pipe length. This is a non-
there must be a possibility that electrons and holes fronfrivial experiment to perform in particular because methods
different pairs on the same tube meet, thus providing somef creating nanopipes would themselves almost certainly in-

constraint on how smallS:) may be. troduce defects.
. . Another unexpected phenomenon that suggests itself out
We are left with the conclusion that the value(§f) must of the model developed is that the nanotubes must be align-

lie somewhere between these two extremes and clearly altefsy it the applied electric field and the degree of align-
native(a) must be more approximate to the truth in order for o\t is proportional to the electric field. Such alignment
the model to work in its own terms. Unfortunately we areé gaqs g an increase in the photoelectric effect per pair cre-

unable to comment further at this time.. ated. Given the mobility of the nanotubes within our experi-
mental arrangement and their high polarizability this specu-
VI. CONCLUSIONS lation is eminently plausible and is now the subject of an

, _ongoing research effort as many experiments suggest them-
We have presented results on transient photoconductiofy|yes to lend support to this suggestion or otherwise. It is

on single-walled carbon nanotubes in suspension, a teChygheq to report on the outcome of these experiments in the
nique recently developed by us. The behavior of the ampliz ¢ re.

tude of the photocurrent transient as light intensity is varied
has led us to develop a one-dimensional bimolecular recom-
bination model which fits the observations well.

Within this model we find an unexpectedly low carrier  One of us, J.C.B., would like to acknowledge the support
yield: range product suggestive of either strong geminate resf EPSRC in funding this research, Grant Reference No. GR/
combination and low concomitant quantum yield or of de-N20539.
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