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CdSe nanocrystal quantum-dot memory
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Memory effects in the electronic transport in CdSe nanocrybt@) quantum-dot arrays have been
observed and characterized. Conduction through a NC array can be reduced with a negative voltage
and then restored with a positive voltage. Light can also be used to restore or even increase the NC
array conduction. We have studied the switching of the conduction in CdSe NC arrays and found the
behavior to be highly sensitive to the value and duration of the laser and voltage pul2é85©
American Institute of PhysicgDOI: 10.1063/1.1923189

Undoped semiconductor CdSe nanocryshiC) arrays  were used as electrical leads to the device and the sample
have been found to be highly insulatihg.Due to the stage was made from Cu and Macor. NCs were annealed in a
nanometer-size scale of the NCs, quantum confinement efracuum at~600 K to 650 K for 1 hin situ and measured at
fects play a dominant role in their electronic properties. In-300 K and 77 K. Annealingn situ decreases the separation
dividual CdSe NCs have discrete energy levels separated Hyetween the NCs and increases the conducfivitya mag-
~100 meV and charging energiesl50 meV? CdSe quan- nitude comparable with that af-doped CdSe NCS.NCs
tum dots are capped with 1 nm thick organic ligands which were photoexcited with a 532 nm wavelenggreen diode
act as tunnel barriers for charge transport between adjacelser operating at-1 mW/cn?. Figure 1 shows the current-
dots. Time-dependent transport phenomena, history effecipltage curves of a device with 5 nm CdSe NCs at 300 K
and persistent photoconductivity in CdSe NC arrays havé@nd 77 K in the dark and during photoexcitation. Voltage
been observeli:* Proposed models to explain these effectswas applied to the source electrode and current was mea-
include charge traps,the Coulomb g|a3§j‘ and Lévy sured atthe drain electrode with a current amplifier; the gate
statistics® was grounded. For this FET geometry, the photocurrent

In this letter, we study memory effects in the electroniccurve is nearly symmetric while the dark-current curve is
transport in colloidal undoped CdSe NC quantum dot arrayshighly asymmetric. Hysteresis is seen in both cases and is
Conduction through a NC array can be reduced by applyindnversely proportional to the voltage sweep rate. The dark
a negative Voitage and then reset with a positive Voitage(;urrent is~0 for V> 0, while for V<0 electrons contribute
Light can be used to reset or even to increase conduction it transport: A constant negative voltage generates a current
the NC array. The switching of the conduction in CdSe Nctransient in the NC array which decays as a power law in
arrays is highly sensitive to the value and duration of thelime; specifically,l(t) =1,t%, where ~1<a<0."
laser and voltage pulses. The ability to controllably swittch ~ NC memory was probed with the four-step voltage se-
NC array conduction can be exploited to fabricate memoryduence shown in Fig. 2. We label the four steps(a@syVrite,
devices composed of CdSe NCs. Such devices may be afR) Wait, (3) read, and4) erase to illustrate the potential for
vantageous for several reasofig.Production of large quan- NC-based memory technology. The step durationstge
tities of CdSe NCs is easy and inexpensitie. CdSe NC
spectra are dependent on the NC size, which may allow se-
lective memory resetting with visible light in devices com-
posed of different size NCs. For instance, in a device com-
posed of red and blue NCs, green light will reset the red NCs
but not the blue NCs(iii) As described in this letter, NC
memory is robust, rewritable, and persists for long times.

To study the memory effects, field-effect transistors
(FET9 composed of organically capped CdSe and
CdSe/ZnS NCs were fabricated. Devices consisted of mono-
disperse TOPO-capped NCs, 3 to 6 nm in diameter, with a
root-mean-squaregms) size dispersior<5%. NCs are either
drop casted or spin coated onto the device from a highly
concentrated hexane-octane solution and dried in a vacuum.
The NCs self-assemble between 1 mm long Au electrodes,

Current (HA)

separated by-2 um on top of a 300 nm thick silicon oxide -40 VoltaOe V) 40

and a conductive gate below the oxidgg. 1). The NC film g

thickness was varied from a few t9 hundreds of NC I5':"yer5'FIG. 1. Current-voltage curves at 300(dashed linesand at 77 K(solid
The measurement setup consisted of a cryostat operat@fks for an array of 5 nm TOPO-capped CdSe NCs in the dark and during

from 1.5 K to 800 K. Silver-soldered teflon-coated wires excitation with green laser. The voltage sweep rate is 1 V/s. Upper inset:

Transmission electron micrograph of the NC film. The scale bar is 50 nm.
Lower inset: Device schematic; 1 mm long electrodes are separated by
¥Electronic mail: drndic@physics.upenn.edu 2 um. The back gate is grounded.
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FIG. 2. Voltage(dashed lingand current(solid line) vs time for two con- =
secutive memory cycles for the device in Fig. 1. The numbered step&are: ~ 0.28
write (V<0, dark, (2) wait (V=0, dark, (3) read (V<0, dark, and (4) ’;ﬁ
erase(V=0, photoexcitationor (V>0, dark. In this example t,ie="twait =
=treadcterase 10 S andvV=-50 V duringt,ie andt,..4 In Step 4, NCs were = 0.24
photoexcited|,i(T) andl ¢,dT) are currents at tim& after the start of the
write and read steps, respectively.

twaitr tread @Ndiease respectively, and the current transients
during the write and read steps aigie(t) and l,{t), re- FIG. 3. () [In(T)| vs the transient number, i.e., the number of the negative
spectively; lyie(T) and l,.,dT) are the currents at tim&  voltage steps, for 1000 consecutive memory cyclég(T) is the current at
after the start of their corresponding voltage steps. This fouriMe T after the application of théith negative voltage stepui(T) and

. . l,ead T) correspond to even and odd valuesNyfrespectively(see Fig. 2;
step cycle will be referred to as teemory cycleThe first (=i " — """ _1 s " 35 T=500 ms,V=-50 V, and photoexcita-
three steps are the voltage pulség|-0, and 4V|. As shown  tion was used to erasé) [In(T)| vs the transient numbeN, for consecutive
in Fig. 2, this generates the current transient sequencejemory cycles modified to have nine read steps per CyGlgs=tyai
Iwrite(t)v 0, and Ireao(t)i respectively, where |Ireac(t)| Ztreaditerase 100 S,T=500 ms,V=-50 V, and positive voltage was used to

. " . erase. Inset: Voltage vs time for one modified memory cyke0 to 9. (c)
< ||Write(t)|' In the fourth step, either a positive voltage is The average valuél,.{T)/l,(T)), calculated over consecutive iterations,

applied or photoexcitation is induced with visible light at vys t,,, for positive voltage erasingcircles and photoexcitation erasing
V=0. This fourth step is used tesetor erasethe memory so  (squares

that a subsequent application of\}- will generatel,i(t)
again. We measured memory cycles for electric fields from . . )
0 t0 30 V/uMm: tyiter twain troag @Ndterace Were each varied which show; memory cycles modified such tIh@gC(T.).ls
from 1 s to 1000 s. Measurements were performed for botf’€asured nine times before the NCs are résptpositive
positive voltage and visible light resetting. In all cases,0ltage. The number of trapped charges increases with each
Il ead DI < [lurice(T)|. Memory was exhibited at both 300 K additional negative vol_tage pulse and each set of hingT) N
and 77 K for all voltages. The results shown are for 77 KValues show monotonic decrease. In each cycle, the positive
andE=-2.7x 10° V/cm across the device. voltage used in the erase step removes most but not all of the
Figure 3a) shows|l,o(T)| and|l,..dT)| for 1000 con- trapped charges that accumulate during the single write step
secutive memory cycles from the device in Fig. 2. Hefe, and the nine read steps. The currents in the subsequent cycles
=500 MS, tyrie=1 S, tyai=3.5 S, ea=teras=1 S and photo- areé therefore lowefFig. 3(b)]. Even without the positive
excitation was used in the erase step. As sholiyg,dT)|  Voltage step, trapped charges are able to diffuse out of the
<|luie(™| and both are nearly constant over thousands of¥C array during the wait step, wheri=0 across the array.
iterations(~2 h). To illustrate the potential of CdSe NCs for AS tyq¢ INCreases, the numt_)er_ of charges _Wh'Ch escape dur-
memory applications,,(T) andl ..{T) can be defined as ing this stgp increases. This |s.reflected in the upper curve
two states, “1” and “0,” respectively. The differendg(T) (circles in Fig. 3(c) shovv_mg the —average ratio
=|lrite(T) = lread T)| ~ 0.2 A is sufficiently large to avoid (Iread D/ Lurie(T)) .plotted agalnst' bvai AS expected,
overlap of “1"s and “0’s due to current fluctuations (lread )/ I‘N_me_(T_» Increases asait mcreases._ Allyair ap-
(~10 nA). AI(T)>0.1 uA for all tyie twain treag AN terase proaches infinity, all of the trapped charge_s diffuse out of the
The memory properties are robust. The device in Fig. 1 wa&@Y an®liead T)/lwiie(T)) approaches unity.
probed with thousands of voltage pulses over 3 months and  The lower curve in Fig. &) shows (Iread T)/lurite(T))
no measurable degradation was observed. versust,,,i; when photoexcitation af=0 is used as the erase
Reversible switching of the current between 1 and 0Step. As shown(l,e.d T)/1.ite(T)) decreases as a function of
states in Fig. @) can be explained by charge trapping in thety,i, Which is the opposite of the behavior for positive volt-
NC array. During negative voltage pulses, electrons are inage erasing. It was shown in Fig. 1 that the photocurrent is
jected into the array and some get trapped. Coulomb interasignificantly larger than the dark current. Photoconductivity
tions between charges in CdSe NC arrays are unscreened anas previously been shown to persist in thin films of CdSe
allow the trapped electrons to repel new electrons from enNCs for up to 10 s after exposure to IigHt?I'his mechanism
tering the array, which reduces conduction. A positive volt-of persistent photoconductivity explains the lower curve in
age pulse removes trapped charges and therefore enhandgg. 3(c). Persistent photoconductivity is at its maximum im-

conduction. This interpretation is supported by Figh)3 mediately after the photoexcitation erase step ends, and then
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3 ZsFT o 5" terase 1000 s. After tenter‘asezlooo S cycleSfease Was set
150 S4f e = o] back to 1 s and the entire 40-step sequence was repeated.
S E g R WD, § o Three consecutive 40-step sequences are shown in Fig. 4 for
P [ N 2500 ¢ §1 tyrite=tread=twait=10 S. As shown, the slopes of the two lines,
<51 - L. (T)| (?‘“ZMJ f [lwite(T)| @nd|l,ead T)|, change periodically with each repeti-
=Slo" Ll 8 > ] tion of the 40-step sequence. The slopes are negative for
E [ \\ gg 2 ] terase 1 S (i.€., terasd twrie<1), nearly zero fortg 10 s
oy $ s ™S SIS | (terasd twrie=1) and positive for bothte e 100 s andteace
g@wwm é }; =1000 s (terasd twrite=>1). The increase(decreask of the
0-5_' <§>§ \ IO(S)S slopes adq.sd twrite iNCreasesdecreaseswas observed for
¢ Leaa(Dl o 10008 1 all parameters. The slopes and the ragjgd tite fOr which
: : " the slopes change sign, dependtgg, and the laser power.

As shown in Fig. 4, the current increase fgf,=1000 s is

greater than the current decrease tfgy,=1 s and there is,

FIG. 4. [In(T)|, the current at tim& after the application of thhith negative  therefore, a net increase of the current. Aftet20 h of re-

voltage step vs the transient numkiéyfor consecutive memory cycles with peating these 40-step cycles, the current was increased by

laser resettindFig. 2); t.aseChanges every ten cycles frofy,=1 s (tri- : !

angles, to 10 s(squares 100 s(circles, and 1000 gdiamonds. After ten nearly an ordgr of mag_thde'

terase= 1000 S memory cycled,siS set back to 1 s and the entire 40-step In conclusion, colloidal CdSe NCs show robust memory

sequence is repeatetlie=tys;=10 s, T=500 ms, and/=-50 V. The first  effects that can be exploited for memory applications. NC

three repetitions of these 40-step sequences are sfigwT) andlead ) memory can be erased electrically or optically and is rewrit-
able. CdSe NC memory devices can be scaled down. For

correspond to even and odd valuesNyfrespectively(see Fig. 2 In one
40-step sequends increases by 80. Insefly(T)| vs the transient number, ) )

example, for a 100 nm gap, the voltage required to obtain
similar currents is~3 V.

80 160 240

N, for ~35 repetitions of 40-step sequendesl20 h.

Sheeci,\)::\;gaéz IandEaZr:rr?ge?sZsflTﬁe_twgtresﬁ;st\tlveair;:-rhfttgéon The authors thank D. Novikov for useful discussions.
ductivity decrgases éddﬂ, )l deéreasé)s. The IOV\F/)er curve This work was supported by the ONR Young Investigator
in Fig. 3(c) can thereforee%e interpreted as a measurement ward No. N000140410489 and the ACS PRF award. One of
: i = %he authordM.F.) acknowledges funding from the NSF IG-

the decay of persistent photoconductivity. ERT Program

When photoexcitation is used to erase NC memory, the '
effect of persistent photoconductiyity can be used to “tune” ID. S. Ginger and N. C. Greenham, J. Appl. Phg, 1361 (2000.
the NC array’s response to the write and read steps. If manyy v Morgan, C. A. Leatherdale, M. Drndiet al, Phys. Rev. B66,
memory cycles are measured consecutively, increagleg 075339(2002.
creasing terase 1-€., the duration of photoexcitation ®t=0, %W. Woo, K. Shimizu, M. V. Jaroset al, Adv. Mater. (Weinheim, Gej.
will increase(decreas|l yiw(T)| and|l,edT)| with each it- 15 1068(2002. _
eration of the memory cycle. To demonstrate this effggt, 'JV' A%;”Id';h;\'s' ;'ZM;XSSFZ’O'\S'Z)V' Jarosz, M. A. Kastner, and M. Bawendi,
andtwait were held constant WhilPerase(by photoexcitatioh 55. S. l\iOVikO\}, M Drndic, L. S Levitowet al,, cond-mat/0307031.
was varied. Firstfe,sewas set to 1 s and then increased by p. yu, c. J. Wang, B. L. Wehrenbexg al, Phys. Rev. Lett.92, 216801

one order of magnitude after every ten memory cycles, up to (2004.

Downloaded 29 Sep 2009 to 128.91.41.50. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



