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THE EFFECTS OF 500 KEV ELECTRON IRRADIATION AND SUBSEQUENT ANNEALING 
ON llF NOISE IN COPPER FILMS 

Jonathan Pelz and John Clarke 

Department of Physics, University of California, Berkeley, Berkeley CA 94720, and 
Materials and Molecular Research Division, Lawrence Berkeley Laboratory, Berkeley CA 94720 

Polycrystalline copper films were maintained at 90K on the cold stage of an electron micros~8pe_~nd 
irradiated with 500keV electrons to induce defects. With an electron dose of about 5 x 10 cm , 
the spectral density of the noise voltage across the films increased by an order of magnitude while 
the electrical resistivity increased by at most 10%. The films were annealed at progressively 
higher temperatures; after each annealing process the llf noise and resistivity were remeasured at 
90K. Both the llf noise and resistivity were reduced, but at the lower annealing temperatures the 
fractional reduction in the added noise was substantially more than in the added resistivity. 
These results suggest that a large fraction of the added noise may be generated by a small mobile 
fraction of the added defects that are more readily annealed than the majority of the defects. 
After a room temperature annealing process, both the noise and resistivity returned nearly to their 
initial values. The temperature dependence of the noise after irradiation and partial annealing was 
consistant with the Dutta-Dimon-Horn thermal activation model. 

The origin of llf noise in thin metal films 

has been a puzzle for'many years l ,2. Dutta, 

Dimon and Horn3 (DDH) proposed a general model 

that explained many features of the noise but 

did not ident1fy the particular microscopic 

process responsible. Recently there has been 

growing evidence that crystal defects are in

volved in the nOise4,5,6,7, and theoretcial 

models have been proposed explaining the noise 

in terms of defect motlon8 ,9. 

It is well known that bombardment by'elec" 

trons with kinetic energy> 400 keY will creat,e 

defects within pure bulk copper, mostly in the 

form of Frenkel Pairs (FP), 1.e. vacancy-inter-, 

stitial pairs lO • These defects are mobl1e at 

room temperature and anneal via recombination; 

thus, an enhanced FP population is retained only 

at lower temperatres. In this paper, we show 

that 500 keY electron irradiation of Cu films 

mainta1ned at 90K increases both the resistance 

and the level of llf nOise. Subsequent anneal-

1ng at progressively higher temperatures reduces 

both the res1stance and the noise very nearly to 

their initial values. The temperature depen

dence of the noise depends strongly on the his-

tory of irradiation and annealing, and is con

sistant with the DDH thermal activation mOde1 3• 

In our experiments, 90~m x 4~m x 100nm poly

crystalline Cu films were mounted on a custom

built cold stage of an Hitachi HU-650 electron 

microscope, and the noise (over a 0.lHz-25Hz 

frequency band) and resistance were measured 

in-Situ. The sample preparation and experimental 

apparatus have been described elsewhere ll • All 

irradiations were performed with the samples 

held at 90K. The samples were considered fully 

annealed or "unirradiated" after an extended 

(>12hr) room temperature annealing process, 

since both the reSistance and noise returned 

nearly to their initial values. All data 

reported in this paper are from a single Cu 

sample; similar results were obtained from two 

other Cu samples. 

For pure, bulk-like Cu at 90K it is generally 

believed that a radiation-induced vacancy is 

frozen in place, while an interstitial migrates 

freely until it recombines with a vacancy (re

moving a FP), is trapped at another defect (such 

as a grain boundary, surface, or impurity), or 

clusters with other interstltials lO ,12. The 



defect concentration thus builds up in the form 

of frozen vacancies and trapped or clustered 

Interstltials, which, can be monitored by the 

change in sample resistivity'O: ap • 3 x 10-6 

Qcm/at.$ FP. This type'of trapping dynamics, in 

the form of the "unsaturable trap model", has 

been used to explain the observation that ap 

scales as ~1/2 in bulk materials irradiated near 

90K, where ~ is the electron dose12 • 

In our first series of measurements, the sam

ple was cooled to 90K inside the ,microscope, and 

the resistance and noise were measured. We then 

irradited the sample with a known dose of elec

trons, and remeasured the resistance and noise. 

For three separate irradiation sequences, each 

starting wi~h the sample in the unirradiated 

state, we found that ap scales approximately as 

~1/2 for 3.5nQcm < ap < 100nQcm and '101Scm-2 < ~ 
< 5 x 1020cm-2• This scaling is similar to the 

behavior seen in bulk copper; however the magni

tude of ap we measure for a given dose ~ is sig

nificantly larger than expected in bulk copper. 

We also measure significant "subthreshold dam

age" for incident electron energy < 400keV. We 

note here that our samples (wIth small crystal

lites, probable oxidation at surfaces and grain 

boundaries, and the presence of a substrate) are 

quite different from the freely suspended bulk

like materials used in previous studies. We 

suspect that these different sample conditions 

are responsIble for the anomalous behavior. 

It is convenient to characterize the measured 

llf noise in terms of the parameters m and a, 

where the frequency exponent mis the fitted 

slope of a log-log plot of the noise spectr~l 

density, and 

a • , ;;2 2 
foSv(fo)N/V - foSR(fo)N/R • 

Here, Sv(f) and SR(f) are the spectral densities 

of the sample voltage and resistance fluctua

tions, respectively, V is twice the rms voltage 

across half the sample, R is the sample reSis

tance, N-2.9 • 1012 (!20$) is the estimated num-
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Fig. 1. Change in llf noise magnitude aa vs. 
change in sample resIstivity ap. The dashed 
line aa « apO.6 is drawn for comparison. Points 
along this line correspond to increasing elec
tron dO,se ~, while points along the dotted line 
correspond to annealing at successively higher 
temperatures. The data point for TA 0 239K (not 

'shown) is ap - 11.6nQcm, aa - 7 x 10-5 

ber of atoms in the sample, and fo • 1Hz. Before 

each irradiation sequence, the initial value of 

a at 90K was within 10$ of 5.5 x 10-4, and m was 

within 3$ of 0.9S. In Fig. 1, we plot aa vs. ap 

(along the dashed line) for the three irradia

tion sequences described in the previous para

graph. We see that a increases by an order of 

magnitude. Simultaneously, m increases by about 

10$, with most of the increase occurring after 

the first irradiation (not shown). The data 

fall approximately on the dashed line aa a: t, pO.6. 

Assuming ap to be proportional to the added de-

fect concentration nd , these data indicate that 

aa scales as n 0.6 d We note here that nd is a 

measure of the total number of added defects, 

including many which are essentially fr,ozen at 

90K. Existing defect-noise mOdelsS;9 however, 

,relate llf noise only to mObile defects which 

change pOSition or orientation in the same fre

quency range as the observed noise. Thus the 

observed scaling law does not test dIrectly the 

dependence of the noise magnItude on mObile 

defect concentration predicted by these models. 

In our second series of measurements, we 
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Fig. 2. Annealing behavior of the irradi
at:d C~ film with dPmax • 90nOcm and d~ax • 6 • 
10 3 prior to annealing. (a) Recovery of the 
llf noise magnitude (da/d~ax) and resistivity 
(dP!dPmax ) vs. annealing temperature TAl (b) the 
frequency exponent m vs. TA• 

heated the sample (after irradiation) to a tem

perature TA for five minutes, then cooled it to 

90K to remeasure the noise and resistance. The 

sequence is repeated for higher TA• The depend

ence of da on dp after annealing is shown by the 

dotted line in Fig. 1. The annealing reduces 

the noise much more rapidly than the reSistance, 

prOducing hysteresis in the plot of da vs. dp. 

This behavior is also illustrated in Fig. 2(a), 

which shows annealing behavior in the form of 

recovery~. Most of the resistivity recov

ery occurs in the range 200K < TA < 2S0K, and is 

sim1lar to the "stage III recovery" well docu

mented for irradiated bulk copper 'O although 

occurring at somewhat lower temperatures. Re

cent studies indicate that this recovery step in 

bulk copper is connected to the free migration 

of a monovacancy13. The noise magnitude, da, 

recovers partially over the range 200K < TA < 

3 

300K in which the ~esistivity recovers, but also 

exhibits a strong recovery at temperatures below 

13SK that is not read1lyapparent in the resis

tivity curve. We note here that a small fract

ion (presumed to be mobile) of the added defects 

may be responsible for much of the added noise • 

The observed difference in the recovery of da 

and dp is readily explained if one assumes that 

these "noisy" defects anneal at lower temper

atures than the bulk of the added defects. 

The frequency exponent m of the noise also 

changes during the annealing experiments. The 

annealing behavior, shown in Fig. 2(b), shows a 

strikIng dip at TA - 240K. We note that this 

annealing,temperature falls'withln the "stage 

III" recovery of da and dp. 

In a third set of measurements, we first 

irradIated the sample to d~ • 8SnOcm and 

annealed it at a temperature TA before measuring 

the noise as a function of temperature for T < 
TA• In Fig. 3 the noise magnitude NSR(lHz) Is 

plotted as a function of T, for TA • 201K, TA • 

239K, and for the sample in the "unirradiated" 

(i.e. fully annealed) state. We see that the 

temperature dependence of the noise magnitude is 

a strong function of the annealing state of the 

sample. The three curves in Fig. 3 are quadra

tic fits to the three sets of data points. In 

Fig. 4, the frequency exponent m is plotted for 

the same data serIes shown in Fig. 3. Shown 

also as curves are the predictions for the tem

perature dependence of m, where we have used the 

fitted curves from Fig. 3 and the DDH mOde'13: 

m(w,T) • 1 - [l/in(wTo )][ainSR(w,T)/ainT - 1]. 

Here, w/2w • 1Hz and TO is taken to be 10-14s. 

The curves precict the general trends of the 

data paints rather well, indicating that our 

results are consistent with the DDH model. 

In summary, we have shown that the llf noise 

in polycrystalline Cu films increases In a sys

tematiC way with SOO keV electron bombardment, 

and thus have demonstrated a direct connection 
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Fig. 3. Dependence of NS R(IHz) on temper
ature T for the sample in the unirradated state, 
and for APmax - 85nQcm followed by a 5 min 
anneal at TA• Curves are quadratic fits to the 
data pOints. 

between llf noise and defects in metals. The 

difference in the recovery of Aa and Apobtained 

after successive annealing steps suggests that a 

large fraction of the added noise is generated 

by a subpopulation of "mobile" defects that are 

more readily annealed than the majority of added 

defects. The temperature dependence of the 

noise magnitude and frequency exponent m after 

irradiation is consistent with the Dutta~Dimon

Horn model, 1-ndicating that thermally activated 

kinetics govern the added l/f noise. 
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Fig. 4. Dependence of the frequency expo
nent m on T for the same data series as Fig. 3. 
Curves are predictions of the DOH model. 
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