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NOISE RECTIFIER BASEDON THE TWO-DIMENSIONAL ELECTRON GASM. V. Cheremisin *Io�e Physial-Tehnial Institute194021, St. Petersburg, RussiaReeived February 3, 2012The d voltage observed at low temperatures in a 2D eletron sample in the absene of notieable externalexitations [1℄ is aounted by the Shottky ontat reti�ation of the noise generated in the measuring iruit.The reti�ed voltage is shown to depend on the asymmetry of the ontat pair. The dependene of the reti�edvoltage on the noise amplitude �rst follows the trivial quadrati law, then exhibits a nearly linear behavior, and�nally, levels o�.We examine the experimental setup well knownfor routine low-T transport measurements. Let atwo-dimensional eletron gas (2DEG) sample be plaed(Fig. 1) in a sample hamber kept at liquid helium tem-perature. The oaxial urrent leads are attahed to thesample and then onneted to an external measuringterminal kept at room temperature. The d voltmeteroaxial input leads an be onneted to arbitrary 2DEGsample ontats. Unexpetedly, the voltmeter demon-strates [1�5℄ a puzzling nonzero voltage (NV) of theorder of about �V . The value and the sign of the dpotential depend on the atual ontat pair.In the presene of a magneti �eld, the measuredd potential demonstrates strong (�mV) osillationsnamed �zero� osillations (ZO), whih exhibit a 1=B-pe-riodiity similar to the well-known Shubnikov�de Haas(SdH) osillations. The ZO period allows extratingthe two-dimensional arrier density. The temperaturedependene of the ZO amplitude is similar to that forSdH osillations and gives the orret value of the ar-rier e�etive mass. In ontrast to SdH osillations, ZOare skew symmetri. The amplitude and the phase shiftof the ZO depend on a hosen ontat pair. Moreover,for a ertain ontat pair, the ZO shape is stronglya�eted if other sample leads are onneted to (dison-neted from) the measuring iruit [6℄. We emphasizethat NV and ZO e�ets are in general universal andobserved in various 2DEG systems and for arbitrarysample on�guration.*E-mail: ther�max�yahoo.om
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T = 4:2 K 2DEG
U = U0 os(!t)Fig. 1. Setup on�guration. The noise is simulated bythe a generatorThe basi idea put forward in Refs. [3, 5℄ in order toexplain these e�ets onerns the possible reti�ationof the input noise by 2D�3D Shottky diodes formedat the sample ontats. An extra sreening of the ir-uit is shown to diminish the amplitude of the reti�edvoltage [3; 5℄. Then, shunting of the sample ontatsby a apaitane also suppresses the d potential [5℄.To quantitatively examine the in�uene of the noise,both the voltmeter and the a generator playing therole of a noise soure were attahed to same sampleontats [3; 5℄ (see Fig. 1). However, the amplitude ofthe reti�ed voltage is reported to be proportional tothe a input voltage. Until now, this �nding remainedunresolved within the reti�ation onept [3, 5℄. Inthis paper, we propose a phenomenologial analysis andexplain the important features of the e�et.556



ÆÝÒÔ, òîì 142, âûï. 3 (9), 2012 Noise reti�er based on the two-dimensional eletron gasWe use the simplest model of a urrent�voltageharateristi of the 3D�2D Shottky ontat [7, 8℄. Inthe thermioni diode approximation at �nite tempera-tures, the urrent is given byI = I0 �exp�eVkT �� 1� ; (1)where I0 = 5:36A(kT )2w exp��F � eV0kT �is the bakward saturation urrent, V0 is the equilib-rium ontat potential, and V is the voltage drop arossthe ontat. Then A = em�2�2~3is the Rihardson onstant for the thermioni emissionand w is the quantum well width.We emphasize that the Shottky diodes at the left(Fig. 1, index 1) and right (index 2) ontats have theopposite polarity and are di�erent from eah other ingeneral. Therefore, the relation between the total volt-age drop U aross the sample and the urrent I is givenby u = ir + ln� 1 + i1� ia� ; (2)where u = eU=kT is the dimensionless voltage,i = I=I01 is the urrent saled with respet to the re-verse saturation urrent (I01) of the left-ontat diode,and a = I01=I02 is the asymmetry parameter of theontats. Then r = I01Re=kT is the dimensionless re-sistane of the 2DEG and R is the 2DEG resistane.We are primarily interested in the low-urrent asei � 1, and we therefore linearize Eq. (2) with respetto the urrent asu = (1 + a+ r)i� 1� a22 i2 + 1 + a33 i3 + : : : (3)As expeted, the urrent�voltage harateristi exhibitsthe Ohmi behavior u = (1+a+r)i or U = IRtot, whereRtot = R1 +R2 +R is the zero-�eld total resistane ofthe sample and R1;2 = kT=eI01;2 are the Shottky re-sistanes of ontats 1 and 2. In the opposite ase ofa high applied voltage, the urrent�voltage harater-isti is strongly nonlinear. Indeed, in that ase, theforward and reverse urrents are limited (see Fig. 2a)by the respetive Shottky diode saturation urrentsI02 and I01.We �rst seek the response of the 3D/2DEG/3D sys-tem to the applied a voltage u = u0 os(!t). The a
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Fig. 2. Panel a: Current�voltage harateristis of theiruit (Fig. 1) spei�ed by Eq. (2) for the ontatasymmetry parameter a = 1:05 and the 2DEG resis-tane r = 10. The dashed line represents the low-�eld Ohmi dependene. The low-voltage (bold line)and high-voltage (thin line) a input signals are repre-sented in panel b. The respetive responses are shownin panel voltage is provided by the generator shown in Fig. 1.At low voltages u � 1, Eq. (3) allows extrating theurrent asi = u1 + a+ r + 1� a22(1 + a+ r)3 u2 + �u3 + : : : ; (4)where � = (1� a2)22(1 + a+ r)5 � 1 + a33(1 + a+ r)4 :It's worth noting that the in-phase response to the ap-plied a voltage, i = (u0=(1+ a+ r) + 3=4�u30) os(!t),onsists of the Ohmi ontribution and an additionalpart assoiated with the ubi term in Eq. (4). Wetherefore onlude that the widely used lok-in a mea-surement method ould give a systemati error in thesample resistane [3℄ ompared to d measurements.We now intend to resolve the primary problem for-mulated in this paper. We investigate the d responseof the iruit (see Fig. 1) to an applied a voltage. Weemphasize that term in Eq. (4) of the seond orderin voltage desribes the reti�ation properties of the2DEG sample at a 6= 1. Equation (4) yields the time-averaged urrent557



M. V. Cheremisin ÆÝÒÔ, òîì 142, âûï. 3 (9), 2012i = !2� 2�!Z0 i dt� 1and then the voltage drop measured by d voltmeter isgiven by u = 1� a24(1 + a+ r)2 u20; (5)The polarity of the measured d voltage is determinedby the ontat asymmetry. As expeted, the transmis-sion harateristi u(u0) is a quadrati law at u0 � 1.In the opposite ase of a strong a exitation u0 � 1,the d response an be found qualitatively with the helpof Fig. 2. Indeed, the reti�ed urrent an be regardedas a retangular meander sequene with linear fronts.The higher the applied a voltage is, the sharper thefront of the urrent pulse. After simple averaging, weobtain the d urrent and, �nally, the reti�ed voltageasu = (1� a)(1 + a+ r)2a �1� (1 + a+ r)(1 + a)�u0a � : (6)For a high input a signal u0 � 1, the measuredvoltage saturates, usat = (1=a � 1)(1 + a + r)=2.We ould expet that, at a moderate a signal levelu0 = i(1 + a + r); i � 1, the low and high a inputases merge, and, onsequently, there ould exist a er-tain part of the transmission harateristi that ouldbe assoiated with a linear dependene [3, 5℄.To on�rm our qualitative preditions, we presentthe result of our numerial alulations in Fig. 3. Weuse urrent�voltage harateristi spei�ed by Eq. (2).Solving this equation for the urrent, we �nd the depen-dene i(u) numerially. The suessive averaging of theurrent aused by the input a signal gives the relatedd voltage drop aross the sample and, hene, the trans-mission harateristi. At low exitations, as expeted,the transmission harateristi follows the asymptotegiven by Eq. (5). At a high-level a input u0 � 1, thedependene u(u0) an be approximated by Eq. (6), andthen levels o�. For intermediate voltages u0 � r = 10,the transmission harateristi exhibits a nearly linearbehavior u = �A+Bu0 in aordane with the exper-imental �ndings [5℄.We estimate the atual parameters of the3D/2DEG/3D system [5℄. For an n-AlGaAs/GaAssample (the 2DEG density n = 3:46 � 1011 m�1, thedieletri onstant � = 12:7, and the e�etive massm = 0:068me), we �nd the Fermi energy �F = 80 meV,whereas the Bohr energy is �B = me4=2�2~2 == 6:7 meV. As was demonstrated in Ref. [9℄, the
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u0Fig. 3. Transmission harateristi for the ontatasymmetry a = 1:05 and the 2DEG resistane r = 10(upper urve). Dotted lines a and b represent the low-and high-voltage approximations respetively spei�edby Eq. (5) and Eq. (6). The dashed line demonstratesa nearly linear dependene reported in [5℄. The lowerurve orresponds to the ase of a voltmeter onnetedto 1-3 ontats (see Fig. 1) with r = 10 and r0 = 5.Inset: The observed [5℄ transmission haraterististhermioni diode approximation is justi�ed well whenT > T0, where T0 = �Fk r �Be(V0 � V ) :At T < T0, the tunneling urrent aross the Shottkydiode beomes higher than the thermioni urrent. Forthe typial equilibrium ontat potential V0 = 1 eV andShottky diode bias V = 0, we obtain T0 = 73 K, and,hene, the observed low-T (about 4 K) data [5℄ annotbe analyzed diretly in terms of the thermioni meh-anism [7℄. Nevertheless, even at low temperatures, theurrent�voltage harateristi of the 2D�3D ontat be-haves similarly to that desribed by Eq. (1). Therefore,the main assumption of NV originated from reti�a-tion of a noise remains justi�ed.We now estimate the resistane of the Shottkydiode. This beomes possible due to the improved ar-rangement suggested in Ref. [5℄. For the same a in-put (1-2 ontats in Fig. 1), the d voltmeter leadsare onneted to 1-3 ontats. Contat 3 was plaedin the middle of a 2DEG sample. In this ase, thetransmission harateristi is given by Eq. (5) multi-plied by the geometry fator (1 + a0 + r0)=(1 + a + r),where a0 = I01=I03 is the asymmetry of the interme-diate ontat with respet to the �rst ontat, and558



ÆÝÒÔ, òîì 142, âûï. 3 (9), 2012 Noise reti�er based on the two-dimensional eletron gasr0 = r=2. In the inset in Fig. 3, we reprodue the trans-mission harateristi data [5℄ for the d output mea-sured aross 1-2 (upper urve) and 1-3 (lower urve)ontats. Both urves demonstrate a threshold be-havior, whih an be attributed to the possible volt-meter zero-point shift. The low-voltage part of theseurves an be approximated by the respetive equationsU12[V ℄ = �0:0002+12U20 [V ℄ and U13 = �0:0002+7U20 .Negleting a spurious zero-point shift, these urves dif-fer by the ratio 7=12whih is equal to the geometry fa-tor (R1+R3+R=2)=(R1+R2+R). The estimate of the2DEG sample resistane in [5℄ yields Rtot = 13k
. Fi-nally, under the reasonable assumption of small ontatasymmetry, i. e., R1 � R2 � R3, we �nd the Shottkyontat resistane R1 = 1:05k
.Finally, we argue that the zero osillations observedin a 2DEG in strong magneti �elds also originate fromnoise reti�ation. Indeed, at a �xed magneti �eld, thetransmission harateristi observed for the ZO ampli-tude in [5℄ is analogous to that reported for B = 0. Wereall that the sign of the reti�ed voltage depends onthe asymmetry of the Shottky diode ontat pair. Ifthe reverse urrent I0 of the Shottky ontat osillatesin the magneti �eld, then the reti�ed d voltage (ZO)osillates as well.To onlude, we have demonstrated that the dvoltage observed at low temperatures in a 2D eletronsample without notieable external exitation is ausedby the noise reti�ation by Shottky diodes formed atthe sample ontats. At a low noise level, the reti�edvoltage as a funtion of the noise amplitude follows theusual quadrati law. At higher noise magnitudes, thereti�ed voltage exhibits a nearly linear behavior and

�nally saturates. The reti�ed voltage is shown to de-pend on the ontat pair asymmetry. We suggest thatthe shunting of the sample ontats by a apaitaneis a powerful tool for suppressing the reti�ed voltage.The author thanks Prof. M. Dyakonov for the help-ful omments. REFERENCES1. V. G. Veselago, V. N. Zavaritskii, M. S. Nunuparov,and A. B. Berkut, Pis'ma v Zh. Eksp. Teor. Fiz. 44,382 (1986).2. I. I. Saidashev, I. G. Savel'ev, and A. M. Kreshhuk,Pis'ma v Zh. Eksp. Teor. Fiz. 45, 95 (1987).3. P. S. Kop'ev, M. Yu. Nadtohii, and V. M. Ustinov,Fiz. Tekh. Poluprovodn. 23, 1110 (1989).4. V. I. Kadushkin, Fiz. Tekh. Poluprovodn. 26, 806(1992).5. V. I. Kadushkin and S. I. Fomihev, Fiz. Tekh.Poluprovodn. 26, 811 (1992).6. M. I. Dyakonov and M. V. Cheremisin, private om-muniation.7. S. G. Petrosyan and A. Ya. Shik, Fiz. Tekh.Poluprovodn. 23, 1113 (1989).8. S. G. Petrosyan and A. Ya. Shik, Zh. Eksp. Teor. Fiz.96, 2229 (1989).9. L. V. Asryan, S. G. Petrosyan, and A. Ya. Shik, Sov.Phys. Semiond. 24, 1316 (1990).
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