High resolution Fowler-Nordheim field emission maps of thin silicon
oxide layers
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An improved method for characterizing thin oxide films using Fowler-Nordheim field emission is
reported. The method uses a conducting-tip atomic force microscope with dual feedback systems,
one for the topography and a second for the field emission bias voltage. Images of the voltage
required to maintain a 10 pA emission current thiowy 3 nmoxide film thermally grown on
p-type Si{100 demonstrate a spatial resolution of 8 nm. X®96 American Institute of Physics.
[S0003-695(196)01801-4

A key issue of ultra-large-scale integration technologythrough the oxide and adjusts the applied sample bias to
(ULSI) is the quality and reliability of thin silicon oxide maintain a constant 10 pA setpoint current. A 2Q @Gurrent-
layers used in devices. Gate lengths of 180 nm, and oxidiémiting resistor was placed in series with the junction, and a
thicknesses less than 5 nm will be required as the semicompre-amp sensitive to less than 0.5 pA was used to detect the
ductor industry pushes toward 1 Gbit memory chips andunneling current. The conducting tip and cantilever, fabri-
beyond! High lateral resolution of the local electrical prop- cated from 75um diameter electrochemically etched tung-
erties of these thin oxides is gaining interest because of sorrsien wire, exerted forces of several hundred nN during im-
indications that the breakdown fields of gate quality oxidesaging. A 3 nm thermal oxide was grown on a(bcm
may not be limited by the intrinsic dielectric strength of the p-type S{100 substrate to test the system. In this experi-
oxide, but rather by localized defects in the oxide layer or ament, the sample bias was kept positive to prevent the for-
the Si-SiQ interface?® Scanning probe microscopies, de- mation of a depletion region at the Si-Si@terface.
rived from the scanning tunneling microscope and atomic ~ The pre-breakdown FN emission current in a plane par-
force microscopéAFM), are uniquely suited to this type of allel metal-oxide-siliconMOS) capacitor is given By
local interrogation. In particular, conducting probe AFM al-

Lows one to p.erform high resolutlo_n scans o_f |n§ulat|ng sur- &3 [\)2 872may 6%
aces while simultaneously collecting electrical information IZAeﬁ—(_) exp(— )
about the surface. This general technique has been explored 8whe | s 3he v
for measurements of capacitarfcelopant profiles, and ) ) o )
Fowler-Nordheim(FN) emission currents through oxidds. Here A is the effective emission area, the electronic
This last study demonstrated a novel method of characteriZharge;h Planck’s constants the oxide thickness¢ the

ing the pre-breakdown FN emission current of a 12 nm oxiddiP-SIO, barrier heightV(V> ¢) the bias across the oxide
film. For each data point the AFM feedback was turned off,/ayer, andme the effective electron mass in the oxide.

and the voltage across the oxide was increased until a FN 10 calculate the effective emission area appropriate for
emission current threshold of 50 pA was reached. The maxithis geometry, we consider only emission from that part of
mum applied voltage at each point was recorded to producﬁ‘e tip which is in contact with the oxide. This is reasonable

a 20 nm resolution voltage map, while spending as much ofor a first order estimation because the fields radiating from
0.6 s at every data point. ’ parts of the tip not in contact with the oxide diverge at the

In this letter we report on an improved method that en-Oxide surface. The tip-sample contact radius is given by

3_ . . .
ables us to obtain 8 nm resolution maps of FN emissiorfc = (3/4) (K1t kz)FRyp, whereF is the tlg—sample applied
Ryp is the tip radius, and;=(1—-v{)/E;, whereE;

currents while spending only 40 ms at each data point, whicfiorce: ' . — =)l
is an order of magnitude faster than previously reported. Fig2ndvi are Young's moduli and Poisson’s ratio of the tungsten
ure 1 shows a conventional deflection mode AFnith a P and silicon oxide filn®. The effective area for tunneling is

. _ 2 . .
conducting tip measuring the topography of an oxide surfacd€n given byAgi= 7. Atip radius of 50 nm and forces
at constant force using a computer-controlled feedback syg@nging from 100 to 1000 nN yield contact radii of 3.7 nm to

tem. A second computer-controlled feedback syétsimul- 8 NM, and effective areas of 43 o 201 nnf. For smaller

taneously monitors the tip-sample FN emission currenfontact rgdu or thicker oxide layers, further modifications to

the effective area would be necessary to compensate for the

Y - o highly nonuniform fields between tip and sample. It is clear
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changes in the local effective mass of the electron. Topo-
graphical features may or may not correspond with changes
in the oxide thickness or features in the FN image. If the
Si-SiQ, interface is flat, a change in oxide thickness will be
seen both in the topography and as a FN image feature. In-
terface roughness may cause a change in the local oxide
thickness that does not appear in the topography, but will
appear in the FN image. Local charging can cause apparent
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Feedback

Fowler-
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Sio

Silic:n e topographical features; however, these charge-induced fea-
tures can be distinguished from real topographical features
by comparing topography images taken before and during

Piezo

FIG. 1. Schematic diagram of the experimental system. A deflection-mod:
AFM measures the sample topography while a second feedback syste
simultaneously records the voltage required to maintain a FN emission cul
rent of 10 pA. The tip and sample were electrically isolated from the piezo
tube and AFM head.

sample force, and hence effective area, regardless of the bi
applied for the FN field emission. This is possible becaus¢
the AFM feedback loop operates at 62.5 kHz, and the FN
feedback loop is operating at only 800 Hz.

Figure 2 shows experimental results of the topography, i
voltage map for an FN emission current of 10 pA, and a line
scan through the voltage map. This 215X8&15 nm image
demonstrates the ability of the system to resolve electrice
features as small as 8 nm, in agreement with the effectiv
calculated radius. Although the lateral resolution of this tech:
nigue is on the order of the thickness of the oxide, in this
image a feature 3 nm in size is only one pixel wide, and
indistinguishable from noise. The black-to-white contrast on
the topographical and voltage images corresponds to 5 ni
and 16 V, respectively. The surface, when imaged befori
applying a bias, displayed a surface roughness of 0.5 nn
The apparent increase in surface roughness after the applic
tion of the bias may be due to nonuniform charging of the
oxide film. The range of observed voltages demonstrates thi
the feedback system is capable of preventing a catastroph
breakdown during the scan. Preventing catastrophic breal
downs is critical when probing the electrical properties of
oxides in a nondestructive manner. As an additional check ¢
the oxide quality, a representatiVe-V curve was taken at a
single point to ensure that El) accurately described the
observed tunneling emission both before and after imaging

The white(dark) areas of the voltage map correspond to ) ) ) ]
high (low) breakdown voltage regions of the oxide. From Eg. 0 50 100 150 200
(1), the adjustable parameters &g, ¢, Mz ands. The Distance (nm)
voltage map, then, can be thought of as a measure of the
local variation in these four parametefgy; is kept constant  FIG. 2. (a) The surface topography, arfd) map of the voltage required to
during scanning by the AFM feedback. Local surface chargmaintain 10 pA of tunneling current. The contrast in these two images cor-

. . e . . . responds to 5 nm and 16 V, respectively. No direct correlation is observed
ing, which modifies the effective barrier height, clearly between the apparent topography and voltage map(&atows the profile

aﬁeCtS' the applied bias r_eqUired to me}intain 10 pA of FNajong the black line drawn on the voltage image. The arrowjirand (c)
tunneling current. Charging of the oxide can also causeoint out an electrical feature 8 nm in size.

Voltage (arb. scale)
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the FN imaging. It has been shown that applying a large fieldJniversity of Arizona Center for Microcontamination Con-

between a silicon sample and a conducting tip can lead ttrol.

additional silicon oxide growtf® However, no additional

oxide growth was observed during this experiment.
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